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(57) ABSTRACT

A distance measurement system includes: an irradiating
means for irradiating two coherent electromagnetic waves
having frequencies different from each other to an object
under measurement in a partially displacing manner while
having a same area; an electromagnetic wave detecting means
for detecting electromagnetic waves from at least two or more
areas on the object under measurement with a boundary line
being interposed therebetween to extend in a direction sub-
stantially perpendicular to the displacement direction; a sig-
nal generating means for generating a difference signal or a
summation signal of respective outputs of the electromag-
netic waves detected in the electromagnetic wave detecting
means at symmetrical positions with respect to the boundary
line; and a measuring means for obtaining a phase difference
or intensity difference of the difference signal or summation
signal to obtain measurement values.
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DISTANCE MEASUREMENT SYSTEM AND
OPTICAL RESOLUTION IMPROVEMENT
APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a distance measurement
system accurately measuring a distance to an object under
measurement with electromagnetic waves and an optical
resolution improvement apparatus realizing, with quite high
resolutions, measurement or observation of the profile of a
surface condition or the surface condition of a cell, or the like
by irradiation of laser lights, and is preferable for improving
the resolution of an optical apparatus such as a microscope.

2. Description of the Related Art

With a conventional optical microscope, it has not been
possible to observe or measure an object under measurement
ator below a diffraction limit. As a substitute for this, a probe
microscope (STM, AFM, NFOS, or the like), a scanning
electron microscope, and so on have been developed and used
in many fields. The scanning electron microscope uses a very
narrow beam as a scanning electron probe, and thus has a high
resolution and a significantly large focal depth as compared to
the optical microscope. However, for measuring an object
under measurement with low electric conductivity such as a
cell, it is necessary to coat platinum palladium or gold with
good electric conductivity on a sample as the object under
measurement. Accordingly, this often accompanies damage
to acellitself, and of course it has not been possible to observe
and measure a live cell.

Further, the probe microscope is to measure the distance to
the object under measurement by making a probe, which is
disposed close to the object under measurement, further close
to the object under measurement, and utilizing atomic force,
tunnel current, light near field or the like. However, it is
difficult to move the probe at high speed, handling is difficult
because the distance to the object under measurement is quite
close, and moreover a long time is needed for obtaining
two-dimensional information.

On the other hand, it is also conceivable to apply a system
which irradiates an electromagnetic wave like a radar does,
detects an electromagnetic wave from an object under mea-
surement, and measures the distance to the object under mea-
surement basically by a time difference between the time of
transmission and the time of reception. However, in such a
system, various signal processing algorithms are required and
hence it is complicated, and also the size of the detectable
object under measurement is limited.

On the other hand, for measuring a distance accurately or
for measuring or observing a minute object accurately, het-
erodyne interference methods are well known. Here, an opti-
cal heterodyne method using lights will be described, but it is
also performed with the similar idea for other electromag-
netic waves. This optical heterodyne method makes two laser
lights with different frequencies interfere with each other to
create a beat signal of the frequency difference, and detects a
phase change of'this beat signal with a resolution of about %500
of'a wavelength. That is, with this optical heterodyne method,
it is possible to measure the distance to an object under
measurement while measuring a change in height direction of
a surface, or to measure or observe an object under measure-
ment itself.

Then, Japanese Patent Application Laid-open No. S59-
214706 of Patent Document 1 below discloses a method to
adjacently generate two beams composed of different fre-
quencies by using an acoustic optical device, detect a phase
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change between these two beams, and obtain a surface profile
by increasing the phase change cumulatively. However, this
Patent Document 1 is to make two beams be close and slightly
larger than a beam profile, detect an average phase difference
in two beam profiles by heterodyne wave detection, and
sequentially integrate the phase difference, so as to obtain
concave and convex information.

Therefore, according to this Patent Document 1, it is pos-
sible to measure concave and convex information of an object
under measurement which is assumed to be flat such as a
semiconductor wafer, but it is not possible to extract infor-
mation inside the beam profile. Accordingly, it is not possible
to increase the resolution inside the beam profile, which is in
a plane.

On the other hand, a method called DPC (Differential
Phase Contrast) method has been conventionally known. This
is a technique applied first to an electron microscope by
Dekkers and de Lang, and is thereafter expanded to an optical
microscope by Sheppard and Wilson and others. This DPC
method obtains a differential signal of results of interference
between a zero order diffracted light and a first order dif-
fracted light detected by detectors, which are in a far field with
respect to electromagnetic waves irradiated to a sample and
disposed symmetrically with respect to an irradiation axis of
the electromagnetic waves, to thereby obtain profile informa-
tion of the sample. However, when a spatial frequency
increases, this DPC method is not able to make these zero
order diffracted light and first order diffracted light interfere,
and as a result of that the spatial frequency cannot be repro-
duced, the measurement can no longer be performed in some
cases.

That is, including general apparatuses and the like using
electromagnetic waves, conventional imaging-type micro-
scopes using electromagnetic waves cannot exceed a resolu-
tion which is the limit of the Abbe’s theory. This limit is a
result of a diffraction phenomenon which a wave has, and has
been assumed as a theological limit that cannot be exceeded.
Therefore, it has been difficult to overcome the substantial
limit by wavelengths used in not only the optical microscopes
but also the electron microscopes.

Patent Document 1: Japanese Patent Application Laid-open

No. 559-214706 (JP59214706(A))

As described above, in a conventional distance measure-
ment apparatus using the heterodyne detection, it has not been
possible to measure a distance with a resolution equal to or
smaller than the wavelength of an electromagnetic wave to be
given. Therefore, even when the irradiation area of the elec-
tromagnetic wave is decreased to be equal to or smaller than
awavelength, it has only been possibleto calculate an average
distance of an area to the extent equal to or larger than the
wavelength.

Similarly, in a conventional optical detector using the het-
erodyne detection, a near-flat object such as a semiconductor
wafer is a main target of measurement. Accordingly, to
increase the resolution in a plane, it has been inevitable to use
the near field of the electronic microscope, AFM (atomic
force microscope), or the like.

However, regarding the electronic microscope, processing
of'aliving organism, cell, or the like in particular is necessary,
and thus live observation or measurement of a refractive-
index distribution is not possible. On the other hand, the AFM
has insufficient processing speed and hence is unable to see a
change of state in real time. Thus, it is not suitable for obser-
vation of a living organism or cell, and meanwhile the probe
needs to be close to the object under measurement, which
causes poor usability.
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Here, the OTF characteristics of an objective lens in a
conventional microscope using an imaging optical system
will be described below.

In the conventional microscope using an imaging optical
system, the component of a first order diffracted light and the
component of a zero order diffracted light of the spatial fre-
quency of a target object, which is captured with the objective
lens, interfere with each other to form an image. Accordingly,
when the first order diffracted light is not incident on the
aperture of the lens, the spatial frequency thereof would not
be reproduced. On the other hand, the angle of diffraction of
the first order diffracted light increases gradually as it varies
from a low frequency to a high frequency, and hence the
amount of the first order diffracted light inputted to the lens
decreases progressively. As a result, the frequency whose first
order diffracted light is not inputted is cut off, and the degree
of modulation thereof gradually decreases in the course of
variation from the low frequency to the high frequency.

The OTF characteristics of the objective lens are as
described above. Therefore, in the imaging system, the first
order diffracted light to be inputted to the objective lens is
limited itself, and thus the resolution itself is has a limit in
relation with the spatial frequency of the target object to be
reproduced.

The above qualitative explanation is quantified and
described in detail below.

As in FIG. 16, it is assumed that a parallel luminous flux is
incident on an objective lens 31 having an aperture diameter
a and a focal length f. Note that in FIG. 16, an irradiation
optical axis is represented by an optical axis [0, and a tilted
optical axis tilted by an angle ® with respect to this optical
axis L0 is represented by an optical axis L1. A microscope
using normal imaging is a transmission type in which the
luminous flux transmits a sample S as in FIG. 16, but it may
be considered as a reflection type in which the luminous flux
is returned by the sample S. Further, to make the equations
simple, it is handled as a one-dimensional aperture.

Further, for simplicity, the sample S is assumed to be in the
form of a sine wave with a height h and a pitch d. Specifically,
an optical phase 0 is represented by the following equation.

0=2m(h/\)sin(2nx/d) Equation (1)

The amplitude E of a light deflected from the sample S is
given as a convolution of Fourier transform of Equation (1)
and the aperture of the lens on a plane separated by the focal
length f, and hence is represented as follows. However, the
Bessel function which is Fourier transform of the phase of
Equation (1) takes up to the positive and negative first order.

E= f(Jo(Zﬂ;]d(X) +
n (an](a(x - g] - 6(X + %]]]reot(xz_ax )dx
- Jo(Zﬂ;)rect(%) + Jl(Zn;)

Af Af
= x4+ L
[rect Zad ]_ rect[ Zad ]]

Here, the Fourier transform of Equation (2) contributes to
imaging.

Equation (2)
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Therefore, intensity I is as following Equation (3)

h 2 Equation (3)
1= (JO(ZRX] ®A% sinc(ka)) +

ot Bl )

o)

What this equation means is that information of a pitch
smaller than d=hf/2a=0.5A/NA is dropped. This matches the
beam diameter of a rectangular opening (the first dark ring
diameter w of sin c(ka)=0 satisfies ka=m, and thus w=0.5x/
NA). Further, this means that even when d>0.5A/NA, the
degree of modulation decreases as d becomes smaller. When
the relation of this with the spatial frequency of 1/d and the
degree of modulation is indicated, it is MTF.

As described above, in the ordinary imaging optical sys-
tem, the limit of the spatial frequency reproduced by NA of
the objective lens 31 is inevitably d=Af/2a=0.5A/NA, and any
value smaller than this would not be reproduced in any way.

SUMMARY OF THE INVENTION

The present invention is made in view of the above-de-
scribed background, and a first object thereof is to provide a
distance measurement system having a high resolution in a
plane as well as a high resolution with respect to a height or a
refractive index distribution and a high resolution of distance
outside the plane.

Further, itis a second object thereof is to provide an optical
resolution improvement apparatus obtaining a spatial fre-
quency which cannot be obtained with a reproduced spatial
frequency of an ordinary imaging optical system, and effec-
tively having a high resolution.

A distance measurement system according to a first aspect
of the present invention includes:

an irradiating means for irradiating two coherent electro-
magnetic waves having frequencies different from each other
to an object under measurement in a partially displacing
manner while having a same area;

an electromagnetic wave detecting means for detecting
electromagnetic waves from at least two or more areas on the
object under measurement with a boundary line being inter-
posed therebetween to extend in a direction substantially
perpendicular to the displacement direction;

a signal generating means for generating a difference sig-
nal or a summation signal of respective outputs of the elec-
tromagnetic waves detected in the electromagnetic wave
detecting means at symmetrical positions with respect to the
boundary line; and

a measuring means for obtaining a phase difference or
intensity difference of the difference signal or summation
signal to obtain measurement values.

The operation of the distance measurement system accord-
ing to the first aspect will be described below.

Two coherent electromagnetic waves having slightly dif-
ferent frequencies are irradiated by the irradiating means to
the object under measurement separately in a partially dis-
placing manner while most of irradiation areas are over-
lapped. The electromagnetic waves reflected from the object
under measurement or transmitted through the object under
measurement are detected by the electromagnetic wave
detecting means which is a detector adapted to the irradiated
electromagnetic waves. At that time, detectors divided in two
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or more are disposed to be capable of detecting electromag-
netic waves of at least two or more areas with a boundary line
being interposed therebetween to extend in a direction per-
pendicular to the displacement direction of the irradiated
electromagnetic waves. Specifically, when these detectors are
disposed at a distance which can be considered as a far field
with respect to the object under measurement, these detectors
detect the electromagnetic waves respectively, which become
as follows.

The signal generating means generates a summation signal
of all the detectors divided in two or more or a difference
signal of the detectors from each other with the boundary line
being interposed therebetween, allowing detection of a slight
frequency difference (beat signal) based on these signals and
measurement of a phase displacement from an inputted sig-
nal. In the measuring means, based on the summation signal
of outputs of all the detectors, it is possible to effectively give
an integral value of the area corresponding to the irradiation
area of the phase difference according to the degree of sepa-
ration of the areas irradiated with the two electromagnetic
waves. Therefore, accompanying that the resolution of about
a fraction of a wavelength is obtained according to the same
principle as that for the differential interference microscope,
the distance between the detectors and the object under mea-
surement can be obtained in this resolution.

Moreover, to increase the resolution, in the measuring
means, the aforementioned difference signal of the detectors
from each other with the boundary line being interposed
therebetween is used to effectively give an integral value of
the area corresponding to the irradiation area of a differential
of the phase difference according to the degree of separation
of'the areas irradiated with the two electromagnetic waves. In
this case, as compared to the case of the summation signal,
only the portion in which the phase difference has occurred
contributes to the phase difference, and thus the sensitivity
increases significantly.

Thus, a lateral resolution can be improved, which is com-
parable to the resolution according to the degree of separation
of'beams. This is an outstanding characteristic which cannot
be found in distance measurement using the ordinary hetero-
dyne detection. As a result, a lateral resolution much higher
than a lateral resolution dominated by a wavelength can be
obtained. Note that effects similar to above can be obtained
also by the intensity of the beat signal.

From the above points, it is possible to obtain a distance
measurement system having a high resolution with respect to
a height and a refractive index distribution, capable of making
the resolution of distance be about Y500 of a wavelength, and
also having a significantly high resolution in a plane. More-
over, areas where two electromagnetic waves having different
frequencies are generated can be made close, and thus the
path can be mostly shared. Thus, it becomes a distance mea-
surement system which is highly resistant to external envi-
ronmental changes, vibrations, and the like.

For example, two transmitting antennas generating two
microwaves or radio waves having slightly different frequen-
cies are prepared, a plurality of receiving antennas are pre-
pared in the above-described disposition, and they are
mounted on an aircraft. In this manner, the transmitting anten-
nas almost become a point source when seen from the object
under measurement. Since radio waves in the atmosphere
travel the same optical path, correct distance measurement is
possible even when there is shaking of the aircraft, or the like.

Further, a distance measurement system according to a
second aspect of the present invention includes:

a light source emitting a coherent light;

afirst means for modulating the light emitted from the light
source into two lights which have frequencies different from
each other and are irradiated separately adjacent to each
other;
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a second means for one-dimensionally or two-dimension-
ally scanning the two lights;

a third means for irradiating an object under measurement
with the two lights which are two-dimensionally scanned;

a fourth means for receiving at least two or more divided
reflected lights or transmitted lights from the object under
measurement with a boundary line being interposed therebe-
tween in a direction substantially perpendicular to the direc-
tion in which the two lights are separated;

a fifth means for generating a difference signal or a sum-
mation signal of respective outputs of the lights received by
the fourth means in areas with the boundary line being inter-
posed therebetween; and

a sixth means for obtaining a phase difference or an inten-
sity difference of the difference signal or the summation
signal to obtain a measurement value.

Next, the operation of the distance measurement system
according to the second aspect will be described below.

In the distance measurement system according to the sec-
ond aspect, the electromagnetic waves in the distance mea-
surement system according to the first aspect are applied to
lights.

According to the present invention, a light from a light
source is DSB modulated by the first means, which is an
acoustic optical device, a spatial light modulator, or the like,
s0 as to generate beams which are two lights slightly different
in frequency and emission direction. By scanning these two
beams by the second means, which is one-dimensional or
two-dimensional scanning optical element irrelevant to a
modulation frequency toward an objective lens, which is the
third means, the two close beams scan the object under mea-
surement via the objective lens.

When the object under measurement is a reflective object,
a slight frequency difference (beat signal) of the beams can be
detected by a photo detector, which is the fourth means dis-
posed at a position substantially conjugate to the acoustic
optical device, so as to obtain two beat signals. Further, when
the object under measurement is a transmissive object, these
two beat signals can be detected likewise by a photo detector
disposed at a position which is in far field but not so distant
from the object under measurement.

Then, when photo detectors divided in two or more with a
dividing line being interposed therebetween to extend in the
direction perpendicular to the separation direction of the
beams are used as the photo detector, the fifth means creates
a summation signal of all the photo detectors or a difference
signal of the photo detectors from each other with the bound-
ary line being interposed therebetween. Then, the sixth means
detects a slight frequency difference (beat signal) based on
these signals and measures a phase displacement from the
inputted signal. That is, in this sixth means, based on the
summation signal of outputs of all the photo detectors for
example, there is effectively given an integral value of the
area corresponding to the beam diameter of the phase differ-
ence according to the degree of separation of the two beams
condensed by the objective lens. Accordingly, accompanying
that a resolution substantially equivalent to that of the differ-
ential interference microscope is obtained, the distance
between the photo detectors and the object under measure-
ment can be obtained in this resolution.

To increase the resolution further, a difference signal of
photo detectors from each other at adjacent positions in the
photo detectors divided in two or more may be obtained. In
this manner, there is effectively given an integral value of the
area corresponding to the beam diameter of a differential of
the phase difference according to the degree of separation of
the two beams condensed by the objective lens. In this case, as
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compared to the summation signal, only the portion in which
the phase difference has occurred contributes to the phase
difference, and thus the sensitivity increases significantly.
Therefore, a lateral resolution can be improved, which is
comparable to the resolution according to the degree of sepa-
ration of the beams. This is an outstanding characteristic
which cannot be found in ordinary differential interference
microscopes. As a result, a lateral resolution much higher
than a lateral resolution dominated by a wavelength can be
obtained.

To summarize, according to the present invention, it is
possible to give a distance measurement system having an
increased resolution with respect to a height and a refractive
index distribution, high measurement accuracy of distance,
and a high resolution in a plane.

Further, when the present invention is applied to a micro-
scope, since it has a quite high in-plane resolution and more-
over a height or a refractive index distribution can be mea-
sured by performing two-dimensional scanning once, three-
dimensional measurement of a state change or the like of live
cells, a micro-machine, or the like can be performed in real
time. Accordingly, the present invention has large character-
istics incomparable to conventional laser scanning type con-
focal microscope which obtains two-dimensional informa-
tion and adds it up in a three-dimensional direction, or the
like.

Moreover, when the present invention is applied to a trans-
mission type microscope, living organisms and cells can be
observed and measured alive in high resolution. Accordingly,
the present invention has large characteristics which are not
present in electron microscopes with which cells or the like
are inactivated and then measured.

On the other hand, an optical resolution improvement
apparatus according to a third aspect of the present invention
includes:

a light source irradiating a light, which is irradiated con-
vergently or irradiated in parallel, to an object under measure-
ment;

a first light processing member located on an irradiation
optical axis of the convergent irradiation or the parallel irra-
diation and receiving and processing a luminous flux emitted
from the object under measurement;

a first photo detector having at least two divided photo
detectors which receive lights of respective side portions with
the irradiation optical axis being interposed therebetween
within a transmitted light from the first light processing mem-
ber;

apair of second light processing members each located on
a tilted optical axis having a tilt with respect to the irradiation
optical axis on one of light receiving sides of the divided
photo detectors of the first photo detector, and receiving and
processing a luminous flux emitted from the object under
measurement and making the luminous flux and a luminous
flux emitted from the first light processing member interfere
with each other;

a pair of second photo detectors receiving the luminous
fluxes made to interfere by the pair of second light processing
members; and

an output difference detection unit detecting an output
difference between the divided photo detectors located with
the irradiation optical axis of the first photo detector being
interposed therebetween and an output difference between
the pair of second photo detectors.

Further, an optical resolution improvement apparatus
according to a fourth aspect of the present invention includes:
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a light source irradiating a light, which is irradiated con-
vergently orirradiated in parallel, to an object under measure-
ment;

afirst optical element located on a tilted optical axis having
a tilt with respect to an irradiation optical axis of the conver-
gent irradiation or the parallel irradiation and making two
luminous fluxes interfere with each other;

a plurality of first photo detectors each detecting the lumi-
nous fluxes made to interfere by the first optical element;

a second optical element located on a tilted optical axis
having a tilt reverse to that of the first optical element with
respect to an irradiation optical axis of the convergent irra-
diation or the parallel irradiation and making two luminous
fluxes interfere with each other;

a plurality of second photo detectors each detecting the
luminous fluxes made to interfere by the second optical ele-
ment; and

an output difference detection unit detecting an output
value of a difference between an arbitrary light receiving
output of the plurality of first photo detectors and an arbitrary
light receiving output of the plurality of second photo detec-
tors.

Next, the operations of the optical resolution improvement
apparatuses according to the third and fourth aspects will be
described below.

As described above, the DPC method is to obtain profile
information of a sample by detecting a differential signal of
the detectors from each other, which are disposed in a far field
with respect to electromagnetic waves irradiated to a sample,
which is an object under measurement, and disposed sym-
metrically with respect to an irradiation axis of electromag-
netic waves.

On the other hand, the present inventors have devised a
method to scan two beams having frequencies slightly differ-
ent from each other and are slightly displaced in position from
each other by using an acoustic optical device or the like, and
heterodyne detect a differential output of a plurality of photo
detectors disposed in a far field.

Then, the present invention can be said as one using a
method combining the DPC method and the heterodyne
method.

Incidentally, formation of an image using electromagnetic
waves can be considered to be due to interference of a zero
order diffracted wave and a positive and negative first order
diffracted waves of a spatial frequency which the image itself
has. An MTF curve of an optical system is directly related to
the amount of the first order diffracted light received by an
objective lens of the optical system. Therefore, a spatial fre-
quency which has a first order diffracted light not incident on
the objective lens does not contribute to imaging, and thus is
cut inevitably. This maximum spatial frequency is the cut-off
frequency of the optical system.

On the other hand, in the optical DPC method, a coherent
light like a laser is used. Specifically, a result of interference
of'the first order diffracted light and the zero order diffracted
light of the coherent light irradiated to a sample is reflected on
photo detectors disposed in a far field symmetrically with
respect to the optical axis of the coherent light, and thereby
the sample which is an object under measurement is mea-
sured or observed. At that time, determination of the spatial
frequency of the sample is similar to an imaging optical
system.

Here, the zero order diffracted light of a light reflected by
the sample or transmitted through the sample is emitted from
the sample having an aperture angle of a light when irradiated,
that is, the angle of divergence depending on NA of the
objective lens. Similarly, the first order diffracted light
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changes in angle in a direction depending on the spatial fre-
quency and is further emitted with the same angle of diver-
gence as that of the zero order diffracted light. Therefore, the
profile information of the sample is obtained in a portion
where the zero order diffracted light and the positive and
negative first order diffracted lights overlap on the photo
detectors.

From the above, when the spatial frequency is high, the
zero order diffracted light and the first order diffracted light
cannot interfere with each other, and this spatial frequency is
not reproduced. Accordingly, by making the zero order dif-
fracted light and the first order diffracted light interfere with
each other before guiding them to the photo detectors, sig-
nificant improvement in reproduced spatial frequency is real-
ized. Therefore, an interferometer (Fabry-perot, Mach-Ze-
hnder, or the like) is built in a space between the sample and
the photo detectors, so as to make the zero order diffracted
light and the first order diffracted light interfere with each
other at this position.

On the other hand, there is disposed a lens having an optical
axis between the respective chief ray axes of the zero order
diffracted light and the first order diffracted light. By this lens,
it is conceivable that the zero order diffracted light or the first
order diffracted light diffracted from the sample is converted
into a parallel luminous flux, an image is reversed toward one
of lights thereof by an optical element like a dove prism and
further shifted in parallel by an optical element like a rhom-
boid prism so that the zero order diffracted light and the first
order diffracted light overlap, and the zero order diffracted
light and the first order diffracted light are made to is interfere
with each other. By performing this through two systems, one
between the first order diffracted light and the zero order
diffracted light and one between the negative first order dif-
fracted light and the zero order diffracted light, the differen-
tial signal of the two groups of photo detectors disposed in a
far field has larger spatial frequency information, which sub-
stantially improves the resolution.

Further, there is disposed a lens having an optical axis
between the respective chief ray axes of the zero order dif-
fracted light and the first order diffracted light. By this lens, it
is conceivable that part of the zero order diffracted light, the
first order diffracted light, and part of the negative first order
diffracted light are enlarged to adjust the pitch of the divided
photo detectors and a formed interference pitch to be substan-
tially the same, so as to use the photo detectors selectively.

Moreover, there is disposed a lens having an optical axis
between the respective chief ray axes of the zero order dif-
fracted light and the first order diffracted light. By converting
the zero order diffracted light or the first order diffracted light
diffracted from the sample into a parallel luminous flux by
this lens, and guiding the zero order diffracted light and the
first order diffracted light to the photo detectors by a magni-
fying lens system, magnified interference fringes are formed
on the photo detectors. At that time, this is performed through
two systems, one between the first order diffracted light and
the zero order diffracted light and one between the negative
first order diffracted light and the zero order diffracted light,
and the photo detectors are adjusted so that when one photo
detector has the maximum amount of light, the other photo
detector has substantially zero amount of light.

Further, there is disposed a lens having an optical axis
between the respective chief ray axes of the zero order dif-
fracted light and the first order diffracted light. By this lens,
the zero order diffracted light or the first order diffracted light
emitted from the sample is converted into a parallel luminous
flux, and this parallel luminous flux is condensed by the lens.
Then, by a grating having an appropriate grating pitch dis-
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posed substantially in the vicinity of the focal point of the
lens, the zero order diffracted light and the first order dif-
fracted light are substantially shifted and overlapped with
each other, so as to make them interfere.

Thus, the differential signal of the two groups of photo
detectors disposed in a far field has larger spatial frequency
information, which substantially improves the resolution.
Moreover, since the present invention uses interference infor-
mation of the zero order diffracted light and the first order
diffracted light emitted from a sample, the influence of an
irradiation optical system is small. Therefore, it is possible to
increase the detected spatial frequency even when an irradia-
tion spot is large in some degree.

The optical resolution improvement apparatus according
to the present invention physically obtains an essentially high
spatial frequency and hence obtains the original information
which the sample has, as compared to an estimation method
performing it with image processing or the like or a method of
forcibly increasing the degree of modulation at a Reyleigh
limit by digital processing or the like. Therefore, it does not
become a false signal.

Further, depth information which the differential signal of
the two groups of photo detectors disposed in a far field
originally has is obtained simultaneously. Thus, it is possible
to provide an optical resolution improvement apparatus
excelling in lateral resolution and vertical resolution simul-
taneously, which is preferable for a laser scanning micro-
scope.

As described above, the distance measurement system of
the present invention has a structure to project two electro-
magnetic waves having slightly different frequencies closely
to an object under measurement and use a reflected wave or a
transmitted wave thereof, in which two or more detectors are
disposed with a boundary line being interposed therebe-
tween, which is located at a center of a portion where areas of
the electromagnetic waves projected to the object under mea-
surement overlap. Then, a phase difference or an intensity
difference is detected from a heterodyne signal obtained by
the summation signal or the difference signal from these two
or more detectors.

In this manner, it becomes possible to accurately observe
and measure the surface profile of the object under measure-
ment and the thickness, the refractive index distribution, and
the like of a transmissive object in an in-plane resolution less
than or equal to the diffraction limit. In particular, when the
difference signal is used, this effect becomes large. Accord-
ingly, a change in the state of a cell or a microorganism, a
transient change in surface state, or the like can be observed
and measured.

On the other hand, when a commercialized auto-stereo-
scopic display, three-dimensional display using a pair of
polarized glasses, or the like is used, it is also possible to
display a three-dimensional image at a video rate, and thus it
can be made as a useful apparatus in education, study, medical
care, and the like. Further, since two beams passing through
very close, substantially the same path are used, observation
or measurement which is difficult to be affected by distur-
bance or the like can be performed.

Meanwhile, as described above, the optical resolution
improvement apparatus of the present invention is an appa-
ratus detecting the signal of a light which is converged and
irradiated to a sample as an output difference of photo detec-
tors with each other, which are symmetrical to a line including
optical axes of a plurality of photo detectors disposed in a far
field. Further, there is disposed an optical system effectively
making all or part of the first order diffracted light and the zero
order diffracted light as well as the negative first order dif-
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fracted light and the zero order diffracted light from the
sample interfere with each other, so as to obtain a difference
signal between the photo detectors which receive the inter-
ference intensity of each of them and are disposed symmetri-
cally.

The optical system effectively making interference is an
optical system making the zero order diffracted light and the
positive and negative first order diffracted lights interfere
with each other, which are converted into a parallel light, by
using lenses to which the zero order diffracted light and the
positive and negative first order diffracted lights are incident
separately, or is an optical system, an imaging system, or a
magnifying optical system shifting and overlapping the zero
order diffracted light and part of the positive and negative first
order diffracted lights to make them interfere with each other,
by two groups of lenses having a tilted optical axis with
respect to the optical axis of the zero order diffracted light. In
this manner, it becomes possible to obtain a spatial frequency
of 1.5 times or more as compared to an imaging optical
system using a lens having the same NA. Therefore, a clear
optical image can be obtained, which cannot be obtained with
an ordinary imaging optical system.

Moreover, by combining with the heterodyne method,
more accurate detection can be performed because of that a
phase change and an intensity change can be detected quite
accurately, that accurate detection is possible even when
lights received by the photo detector are very weak by
increasing the gain of the detection circuit system, and that
the detection is not affected by disturbance lights since the
signal to be detected is only a modulation signal. Therefore, it
becomes possible to perform observation or measurement
with a quite high resolution with respect to phase information
which is very weak and low in contrast and a slight refractive
index change.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating Embodiment 1
related to a distance measurement system of the present
invention;

FIG. 2 is an explanatory diagram representing irradiation
areas on the ground in Embodiment 1 related to the distance
measurement system of the present invention;

FIG. 3 is a block diagram illustrating Embodiment 1
related to the distance measurement system of the present
invention;

FIG. 4 is a block diagram of an optical system illustrating
Embodiment 2 related to the distance measurement system of
the present invention;

FIG. 5 is a diagram illustrating in magnification an objec-
tive lens of FIG. 4 and a portion in the vicinity of an object
under measurement;

FIG. 6 is a block diagram of an optical system illustrating
Embodiment 3 related to the distance measurement system of
the present invention;

FIGS. 7A and 7B are diagrams illustrating a spatial modu-
lator applied to Embodiment 4 related to the distance mea-
surement system of the present invention, where FIG. 7Ais a
schematic diagram of the spatial modulator and FIG. 7B is a
diagram illustrating a pattern of voltage and current applied to
the spatial modulator;

FIG. 8 is a schematic diagram representing an optical sys-
tem illustrating Embodiment 5 related to an optical resolution
improvement apparatus of the present invention;

FIG. 9 is a block diagram representing a transmissive opti-
cal system in a DPC method;
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FIG. 10 is a block diagram representing a reflective optical
system in the DPC method;

FIG. 11 is a schematic diagram representing an optical
system illustrating Embodiment 6 related to the optical reso-
Iution improvement apparatus of the present invention;

FIG. 12 is a schematic diagram representing an optical
system illustrating Embodiment 7 related to the optical reso-
Iution improvement apparatus of the present invention;

FIG. 13 is a schematic diagram representing an optical
system illustrating Embodiment 8 related to the optical reso-
Iution improvement apparatus of the present invention;

FIG. 14 is a schematic diagram representing an optical
system illustrating Embodiment 9 related to the optical reso-
Iution improvement apparatus of the present invention;

FIG. 15 is a schematic diagram representing an optical
system illustrating Embodiment 10 related to the optical reso-
Iution improvement apparatus of the present invention; and

FIG. 16 is a principle diagram explaining the principle of
an ordinary imaging optical system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hereinafter, Embodiment 1 to Embodiment 4 of a distance
measurement system according to the present invention will
be described in detail based on the drawings.

Embodiment 1

Embodiment 1 of the distance measurement system
according to the present invention will be described below
with reference to the drawings.

FIG. 1 is a schematic diagram illustrating a structure of the
distance measurement system of this embodiment. At oppo-
site ends of an aircraft 10 illustrated in FIG. 1, a transmitting
antenna 11 and a transmitting antenna 12 are mounted, each
of which is a parabola antenna of microwave.

Then, the transmitting antenna 11 and the transmitting
antenna 12 of microwave, which are mounted thus on the
aircraft 10, transmit transmission waves of A sin(2r(fc+fm)t)
and A sin(2n(fc—fm)t) based on a carrier signal frequency fc
and a modulation frequency fm to an object under measure-
ment G of a land feature or the like, which is a three-dimen-
sional shape on the ground, in a manner that they diverge in a
conical shape of substantially the same size as each other. The
respective transmission waves are irradiated to the object
under measurement G on the ground in a manner that, for
example, irradiation areas A, B substantially overlap but are
slightly displaced by a center distance Ax by tilting the
parabola antennas, as illustrated in FIG. 1 and FIG. 2.

On the other hand, on extended lines of portions located
between the transmitting antenna 11 and the transmitting
antenna 12 on the aircraft 10 with substantially the center of
the overlapped irradiation areas A, B of the respective trans-
mission waves being a boundary, there are disposed at least
two receiving antennas 13 and 14, each of which is likewise a
parabola antenna.

Specifically, the two receiving antennas 13 and 14 are
capable of receiving microwaves of spatial frequencies intwo
directions, respectively, of the irradiation areas A, B, which
are displaced from zero spatial frequency of microwaves
reflected from the object under measurement G. Accordingly,
respective signals received by the receiving antennas 13, 14
are a beat signal of frequency 2fm as a result of that the
microwaves having two frequencies reflected from the object
under measurement G are made to interfere with each other.
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Moreover, the aircraft has a not-illustrated transmitter or
the like for transmitting the microwaves from the transmitting
antennas 11, 12. Besides these antennas, in the aircraft 10
illustrated in FIG. 3, there are mounted a signal generating
device 16 as a signal generating means for generating a sum-
mation signal or a difference signal based on signals received
by the receiving antennas 13, 14, a measuring device 17 as a
measuring means for measuring the height of the aircraft 10,
or the like from a phase displacement of these signals, and a
memory 18 such as a hard disk drive which stores height data,
and the like.

Here, when a phase displacement is detected by using the
summation signal or the difference signal of signals received
by the receiving antenna 13 and the receiving antenna 14,
height information of the two irradiation areas A, B can be
obtained. Specifically, the signal generating device 16 gener-
ates the summation signal of the receiving antennas 13, 14 or
the difference signal of the receiving antennas 13, 14 from
each other and obtains a slight frequency difference (beat
signal) based on these signals, and the measuring device 17
measures the phase displacement thereof from an inputted
signal.

Then, accompanying that the resolution of about a fraction
of'a wavelength is obtained from the summation signal in the
measuring device 17, height information as a distance
between the aircraft 10 having the receiving antennas 13, 14
and the object under measurement G can be obtained with this
resolution. Further, when the difference signal is used in the
measuring device 17, only the portion in which the phase
difference has occurred contributes to the phase difference as
compared to the case of the summation signal, and thus the
resolution becomes high and the sensitivity increases signifi-
cantly.

Note that although the number of aforementioned receiv-
ing antennas is two in this embodiment, three or more receiv-
ing antennas may be mounted. Further, when a transmitter is
mounted instead of the signal generating device 16, the mea-
suring device 17, and the memory 18, these signal generating
device 16, measuring device 17, and memory 18 may be
placed on the ground.

The principle of operation of this distance measurement
system will be described in detail below.

It is assumed that the center distance Ax between the irra-
diation areas A, B of the two microwaves illustrated in FIG. 2
is set less than or equal to the diffraction limit which the
microwaves have. In this case, the irradiation areas A, B of the
respective microwaves would not be less than or equal to the
diffraction limit of the Abbe’s theory, but since they are
microwaves of respective different frequencies which are dis-
placed slightly, differential information can be obtained by
heterodyne detecting these microwaves. At that time, when
the summation signal of the receiving antenna 13 and the
receiving antenna 14 is used, it is substantially equivalent to a
differential interference microscope, which is one kind of
optical microscope, and when the difference signal thereofis
used, a much higher lateral resolution can be obtained than
the differential interference microscope.

For simplicity, it is considered in one dimension. First, a
phase distribution of a profile d(x) of the object under mea-
surement G located on the ground or the sea is assumed as
A&®™®. Here, 0(x)=2rd(x)/A. In the case of reflection as in
this embodiment, the path difference becomes double, and
thus a half of observed 0(x) may be assumed as the height
information.

As described above, the center distance between the irra-
diation areas A, B of the two microwaves on the object under
measurement G is Ax, and a complex amplitude distribution
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of microwaves on the ground or the sea is u(x). In this case, at
a sufficiently distant location as compared to the object under
measurement G, it is a Fourier transform of the product of the
profile of the object under measurement G and a beam profile.

In this distance measurement system, the microwave
received by one receiving antenna is modulated with
&/@e=»m and the microwave received by the other receiving
antenna disposed separately at the center distance Ax is
modulated with e/,

Therefore, the complex amplitude distribution E on the
receiving antennas 13, 14 becomes as follows.

Ef(APPu(x)e - ooty
ATy (Ve P x-f (et

When detection of intensity 1 is performed with these
receiving antennas 13, 14, the heterodyne detection of I=EE*
and moreover 2mm is performed, and thus it is as following
Equation (4).

1tk) = A? f ORI+ ) g g g e - Equation (4)

A2 f e—j(e(x)—e(x’ +Ax") w(X)u(x ) ejk(xfx’) dxdx el

Then, substantially the center of the overlapped irradiation
areas A, B of the two microwaves is assumed as the boundary
line C of FIG. 1 and FIG. 2, and the two receiving antennas 13,
14 are disposed separately from the object under measure-
ment and corresponding to positions with this boundary line
C being interposed therebetween, the positions along the
separation direction of the respective irradiation areas A, B.
Here, first, what the summation signal of the signals received
by the two receiving antennas 13, 14 would be is considered.
Atthe positions distant from the object under measurement, it
can be considered as a Fourier transform plane. Thus, when
the maximum spatial frequency which can be received by the
receiving antenna is Kmax, the intensity I can be obtained
with the summation signal from the following equation.

1= fl(k)dk(the range of integral is — Kmax to Kmax)

= Azfcos(O(x) —0(x' +Ax") — 2mdu(x)u(x )sin(Kmax(x — x’))/

(x —x)dxdx'

When the receiving antenna is enlarged and disposed so as
to receive up to a wide spatial frequency, sin(Kmax(x—x'))/
(x-x")=Kd(x-x") holds, and thus the intensity is as following
Equation (5).

T=4%f cos(0(x)-0(x+Ax)-2wmb)u(x Y dx Equation (5)

That is, the phase difference of the separated positions of
the two microwaves is integrated with the weight of the pro-
files of the microwaves.

By transforming Equation (5), the following equations are
obtained.

Tg=42 cos(0(x)-0(x+Ax)u(x)dx-cosQwmz)

Ti=A47f sin(0(x)-0(x+Ax)u(x)?dx-sin(2wmt)
Therefore, by an orthogonal transformation, the obtained
phase difference ® becomes as following Equation (6).

0=tan™!(f sin(0(x)—0 (x+Ax))u(x)?dx/f cos(0(x)-

O(x+Ax))u(x)>dx) Equation (6)
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On the other hand, considering the difference signal of the
two receiving antennas 13, 14, the following equation can be
obtained similarly to the case of the summation signal.

1= fl(k)dk (the range of integral is 0 to Kmax) —
fl(k)dk (the range of integral is — Kmax to 0)

= Azfsin(e(x) —0(x" + AX') = 2wmbu(x)u(x")(cos(Kmax(x — x") — 1)/

(x —x)dxdx’'

When the receiving antenna is enlarged and disposed so as
to receive up to a wide spatial frequency, (cos(Kmax(x-x')-
1)/ (x—x"y=0(x-x")+1/%x(8(x)-1) holds, and thus the intensity is
as following Equation (7).

T=42[d/dx(sin(0 (x)-0(x+Ax)-2comi))u(x)’dx Equation (7)

Moreover, by transforming Equation (7), the following
equations can be obtained.

Tq=A%[d/dx(sin(0(x)-0 (x+Ax))u(x) > dx-cos(20mi)

Ti=4%(d/dx(cos(O(x)-O(x+Ax)u(x) dx-sin(2ome)

Therefore, by an orthogonal transformation, the obtained
phase difference ® becomes as following Equation (8).

O=tan~! (—fd/dx(cos(O(x)-0(x+

AX))a(x)dx/fd/dx (sIn(O(x)-0 (x+Ax) Ju(x)ddx) Equation (8)

Here, Equation (6) and Equation (8) are compared. Quali-
tatively, the following points can be understood.

First, Equation (6) represents the phase difference which
can be obtained as a result of smoothing with a weighting
function of u(x) the phase difference of two points separated
by the center distance Ax of the irradiation areas A, B, and
thus represents an average phase difference in the irradiation
areas A, B. This is processing equivalent to the differential
interference microscope.

On the other hand, in Equation (8), a differential of the
phase difference of the two points separated by the center
distance Ax of the irradiation areas A, B is smoothed with the
weighting function of u(x), and thus the original function is
restored approximately.

Therefore, when the aircraft 10 makes a flight, the phase
difference and the position information can be obtained with
the lateral resolution equivalent to the degree of separation of
the irradiation areas A, B.

Here, the case where the two receiving antennas are dis-
posed has been described. However, a similar result can be
obtained when a plurality of array antennas are disposed
separately from the object under measurement G along the
separation direction of the two microwaves in the vicinity of
the centers of the overlapped areas of the irradiation areas A,
B. In particular, when a difference output is to be obtained, a
difference operation may be performed between the corre-
sponding antennas among the plurality of array antennas
disposed corresponding to the vicinity of the centers of the
overlapped portions of the irradiation areas A, B.

Further, when only the summation output of the plurality of
array antennas is used, a similar operation can be realized by
substantially using one receiving antenna.

Note that for the simplicity of explanation, the equations
are simplified on the assumption that the spatial frequency to
be obtained is wide, but when the spatial frequency which can
be obtained is not large, the portion of the d function in the
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equations just becomes a convolution, and the fact remains
that the resolution improves essentially. In this case, some
blur occurs in the profile and the like of the object under
measurement G.

The above description is given in detail with respect to the
phase, but a similar description can be given with respect to
the intensity. In particular, with respect to the change in pro-
file smaller than the irradiation areas A, B, the pattern in a far
field of interference fringes formed by interference of a zero
order diffraction wave and a first order diffraction wave of
Fourier is transform in an area being irradiated is different
between the two receiving antennas 13, 14. Accordingly, the
difference signal of the receiving antennas 13, 14 appears as
an intensity difference reflected on a tilt of the profile.

As described above, by using the heterodyne detection to
process spatial frequency information on the Fourier trans-
form plane, quite high improvement in lateral resolution can
be provided particularly by the difference operation.

Embodiment 2

The concept of Embodiment 2 of a distance measurement
system according to the present invention will be described
below.

A coherent light like a laser emitted from a light source is
modulated into two lights with substantially different fre-
quencies by an acoustic optical device or a spatial modulator
as a first means. At that time, when the acoustic optical device
is used for example, diffraction bands are modulated by inter-
action of a surface acoustic wave of this acoustic optical
device and the lights. A Doppler shifted light undergoes fre-
quency modulation, and is emitted as a diffracted light of the
positive or negative first order. On the other hand, when the
spatial light modulator is used, a similar effect can be pro-
vided by modulating diffraction bands written in this spatial
light modulator.

Thus, the frequency modulated lights are separated into
two lights close to each other and meanwhile emitted from the
first means. These two lights are two-dimensionally scanned
by a pupil-transmission optical system, a two-dimensional
scanning device, or the like as a second means and are irra-
diated to the object under measurement by an objective lens,
or the like as a third means. Photo detectors disposed at
positions distant from this object under measurement in a
manner of being divided in two along the separation direction
of'two lights are a fourth means. The photo detectors respec-
tively receive lights reflected from the object under measure-
ment or transmitted through the object under measurement as
lights with the boundary line being interposed therebetween
to extend in a direction substantially perpendicular to the
separation direction of the two lights.

The lights which are received by the photo detectors in this
manner are photoelectrically converted, and in a signal com-
parator as a fifth means, the difference signal or the summa-
tion signal of respective outputs is generated, which are
located at symmetrical positions with a direction substan-
tially perpendicular to the separation direction of the two
lights being a boundary line. This difference signal or sum-
mation signal is heterodyne detected in a data processing unit
as a sixth means, to thereby detect a phase difference or detect
an intensity difference.

This detected phase difference or intensity difference indi-
cates height information of the profile of a surface of the
object under measurement in the case of reflection, or indi-
cates information of a thickness, a refractive index distribu-
tion, or the like in the case of transmission. At this time, the
irradiation areas A, B of microwaves described in Example 1
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may be considered as a diffraction limit spot diameter, which
is narrowed down by the objective lens. Specifically, the
heterodyne detection based on the summation signal of the
respective photoelectrically converted signals indicates the
phase difference obtained as a result of smoothing with the
weighting function of u(x) the phase difference between two
points separated by the center distance of beams, which are
the two lights. Accordingly, the heterodyne detection based
on this summation signal indicates an average phase differ-
ence in the beams, and this is processing equivalent to the
differential interference microscope.

On the other hand, in the heterodyne detection based on the
difference signal of the respective photoelectrically converted
signals, the differential of the phase difference of two points
separated by the center distance of the beams is smoothed
with the weighting function of u(x), and thus the original
function is restored approximately.

Thus, when beams are scanned with the pupil-transmission
optical system, it is possible to obtain the phase difference and
the position information with the lateral resolution equivalent
to the degree of separation of the beams.

In the foregoing, the case of applying the photo detectors
divided in two with an optical axis being a boundary line has
been described. However, the same applies in the case where
aplurality of photo detectors are disposed separately from the
object under measurement along the separation direction of
the beam. In particular, when the difference output is to be
obtained, it may be obtained by photo detectors which are
adjacent across a boundary line. Further, when only the sum-
mation output of the plurality of photo detectors is used, the
same can be realized substantially by using one photo detec-
tor.

Then, when a tilt of the profile of the object under mea-
surement exists in the beams, the direction in which the lights
are reflected or transmitted is different quantitatively, and
thus a difference output as intensity is given to the two photo
detectors. Describing more specifically, when a change in
profile smaller than a beam diameter occurs, the pattern in a
far field of interference fringes formed by interference of a
zero order diffraction wave and a first order diffraction wave
of Fourier transform in an area being irradiated with the lights
is different between the two photo detectors. Accordingly, the
difference signal of the two photo detectors appears as an
intensity difference reflected on the tilt of the profile.

Hereinafter, Embodiment 2 of the distance measurement
system according to the present invention will be described
specifically using the drawings.

FIG. 4 is a block diagram illustrating a structure of the
distance measurement system according to this embodiment.
As illustrated in FIG. 4, a collimator lens 22 is disposed
between a laser light source 21 as a light source emitting a
laser light and an acoustic optical device (AOD) 23 as the first
means, which is controlled in operation by an AOD driver 24
connected thereto.

Further, a pupil transmission magnifying lens system 25
constituted of two groups of lenses, a two-dimensional scan-
ning device 26 which two-dimensionally scans inputted laser
lights, and a polarized beam splitter 27 which separates and
emits inputted laser lights are disposed sequentially in line
with the acoustic optical device 23. However, the pupil trans-
mission magnifying lens system 25, the beam splitter 27, and
the two-dimensional scanning device 26 may be disposed
sequentially in line with the acoustic optical device 23.

Moreover, a pupil transmission lens system 30 constituted
of two groups of lenses is located adjacent to this polarized
beam splitter 27, and an objective lens 31 is disposed adjacent
thereto opposing an object under measurement G1. That is,
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these members are lined up along an optical axis L. On the
other hand, a photo detector 28 and a photo detector 29, each
of which is a light sensor, are disposed at both adjacent
positions of the polarized beam splitter 27 in a direction
orthogonal to the direction in which the optical axis L passes.

These photo detectors 28, 29 are both connected to a signal
comparator 33 which compares signals from these photo
detectors 28, 29, and this signal comparator 33 is connected to
a data processing unit 34 which finally processes data to
obtain the profile and so on of the object under measurement
G1.

Further, the laser light source 21 is a gas laser of He—Ne or
the like, a semiconductor laser, or a solid laser, and generates
a coherent laser light.

This laser light is converted into a parallel luminous flux by
the collimator lens 22, which is made to be incident on the
acoustic optical device 23. At this time, the incident beam
diameter of the laser light is made appropriate in relation with
the pupil transmission magnifying lens system 25 in a later
stage by using an aperture mechanism (not illustrated) or the
like. Moreover, a DSB modulation signal such as sin(2mntfct)
sin(2nfmt) is applied as a modulation signal to this acoustic
optical device 23 by the AOD driver 24.

When such a modulation is performed, the acoustic optical
device 23, to which two frequency modulations of fc+fim and
fc—fm are applied, generates a compression wave of acoustic
wave equivalent to pitch d of a Bragg diffraction grating. That
is, when the velocity of the acoustic wave is Va and the
frequency to be applied is f, d=Va/fholds. Specifically, by this
compression wave, a beam which is a laser light incident on
the acoustic optical device 23 is separated into a positive and
negative first order diffracted lights, and each of the diffracted
lights is modulated with a frequency fcxfm. For example,
TeO, is used as the material for the acoustic optical device 23,
and the acoustic velocity of this material is 660 m/s.

When 40 MHz is chosen as the frequency fc of a carrier
frequency, this results in d=16.5 pm, and when the laser light
source 21 is used as the He—Ne laser, the angle of diffraction
0 becomes an angle of approximately 2.19791 degrees. In
FIG. 4, the structure is illustrated so that the optical axis L.
does not change, but in practice, the optical system beyond
the acoustic optical device 23 is tilted in advance by the angle
of diffraction 0, or a bias is applied to the two-dimensional
scanning device 26 in advance so as to effectively give the tilt
of the angle of diffraction 6.

When the frequency fim of about 10 KHz is added to this
carrier frequency, the positive and negative first order dif-
fracted lights are 6=2.19847 degrees and 8=2.19737 degrees
and are modulated by 40.01 MHz and 39.99 MHz, respec-
tively. When the laser lights are made to be incident on the
objective lens 31 while keeping these angles, if the objective
lens 31 has a focal length of 2 mm and NA of 0.9, the center
distance of the beams is approximately 0.6 and the diffraction
limit at that time is w=0.857 um. Specifically, the degree of
separation of the beams is thus set smaller than the diffraction
limit system.

Note that the resolution can be improved when the degree
of'separation of the beams, which is the center distance of the
beams, is set smaller, but when the frequency of the hetero-
dyne detection is decreased, the processing speed becomes
slow. In this case, using an acoustic optical device with a
faster acoustic velocity can increase the pitch d of the Bragg
diffraction grating, and thus the processing speed can be
improved. In practice, ones with an acoustic velocity Va of
about 4.2E+3 m/s are known and commercially available.

Here, the pupil transmission magnifying lens system 25
disposed between the acoustic optical device 23 and the
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polarized beam splitter 27 is an optical system for transmit-
ting an emission surface position of the acoustic optical
device 23 in a conjugate manner to the next two-dimensional
scanning device 26. The lights passing through this pupil
transmission magnifying lens system 25 are transmitted to the
two-dimensional scanning device 26, and through the pupil
transmission lens system 30, which is conjugate to the pupil
position of the objective lens 31, the lights from this two-
dimensional scanning device 26 are incident on the objective
lens 31 as the positive and negative first order diftracted lights
having an angle difference.

Specifically, by inputting the two DSB-modulated signals
of carrier frequency fc and modulation frequency fm to the
acoustic optical device 23 from the outside via the AOD driver
24, these two quite close luminous fluxes can be generated.

Then, luminous fluxes emitted in two quite close directions
are incident on the objective lens 31 through the pupil trans-
mission lens system 25 transmitting the substantial pupil
position of the acoustic optical device 23 to the pupil position
of the two-dimensional scanning device 26 as described
above, the two-dimensional scanning device 26 scanning the
lights on a surface, and the pupil transmission lens system 30
for transmitting the pupil position of the two-dimensional
scanning device 26 to the pupil of the objective lens 31.

Thus, two very close beams having the same diameter as
each other can be obtained, like a beam LA denoted by a solid
line and a beam LB denoted by a dotted line in FIG. 5.

As a result, the beams LA, LB which are luminous fluxes
converged through the objective lens 31 scan the surface of
the object under measurement G1 as two quite close spots.
These two spots become the two signals of the frequency
fc+fim and the frequency fc—fm, and thus by heterodyne
detecting these signals, signals reflecting concave and convex
information and a refractive index distribution of the object
under measurement G1 can be obtained.

Further, the frequencies which these two beams LA, LB
have are “vibration frequency of light+carrier frequency
fcxmodulation frequency fm.” When the center distance of
the two close beams is set equal to or less than the diffraction
limit as described above, the respective beams would not be
equal to or less than the diffraction limit of the Abbe’s theory.
However, since they are lights with different frequencies
slightly displaced from each other, differential information
can be obtained by performing the heterodyne detection.
Moreover, the photo detector 29 illustrated in FIG. 4 is con-
stituted of photo detectors divided in two or more elements.
Then, with the optical axis L. being a boundary line, these
photo detectors are disposed so as to have a dark line in the
direction perpendicular to the separation direction of the
beams with this boundary line being interposed therebe-
tween, and the beat signal is obtained from the summation
signal or the difference signal thereof. At that time, when the
summation signal is used, it is substantially equivalent to a
differential interference microscope, and when the difference
signal is used, a much higher lateral resolution can be
obtained.

Here, the nature of lights to be irradiated to the object under
measurement G1 will be described specifically. The lights
narrowed down by the objective lens 31 become two close
beams LA, LB as illustrated in FIG. 5, which are irradiated to
the object under measurement G1. Note that the complex
amplitude Ea of the beam LA and the complex amplitude Eb
of the beam LB are as the following equations.

Ea=Aexpj(2n(fo+fc+fm)t)

Eb=Bexpj(2n(fo+fc+fin)t+d)

30

35

40

45

65

20

Here, d in the equation of the complex amplitude Eb rep-
resents a phase difference in a height direction of the beam LB
with reference to the beam LA, and fo represents the fre-
quency of the light. Note that as described above, the interval
between these two beams is determined by the modulation
frequency fm applied to the acoustic optical device 23, and
thus is irrelevant to the scanning speed.

These two beams LA, LB reflected by the object under
measurement G1 illustrated in FIG. 4 and FIG. 5 are guided to
the photo detector 29 via the objective lens 31, the pupil
transmission lens system 30, and the polarized beam splitter
27. When the photo detector 29 is disposed at a position
conjugate to the position of the two-dimensional scanning
device 26, the two beams LA, LB return to the same position,
and thus the phase difference 8 of the two beams LA, LB is
detected as the beat signal.

That is, this photo detector 29 has a structure having a
not-illustrated photoelectric conversion unit, and the intensity
Tofthetwobeams LA, LB on the photo detector 29 is detected
by the photoelectric conversion unit of the photo detector 29
with a value based on the following equation, and is sent to the
signal comparator 33.

I=(Ea+Eb)(Ea+Eb)*=A?+B>+2A4B cos(2m* 2fmt+d)

Accompanying this, by performing a phase comparison of
the heterodyne detection of the frequency 2fm using the sig-
nal comparator 33 illustrated in FIG. 4, the phase difference 6
can be measured. Thus, the is position information is
obtained.

Now, the photo detector 28 disposed to oppose the photo
detector 29 across the polarized beam splitter 27 also has a
structure having a not-illustrated photoelectric conversion
unit. Then, the beat signal of the incident beam of the dif-
fracted light generated in the acoustic optical device 23 is
made to be incident on this photo detector 28, and is detected
by the photoelectric conversion unit of the photo detector 28.
That is, the phase difference generated in the optical system or
the like from the acoustic optical device 23 is detected by the
photoelectric conversion unit of the photo detector 28, and
hence the photo detector 28 serves a role of giving the refer-
ence for phases.

On the other hand, in the photo detector 29 as described
above, the beat signal to which the phase difference informa-
tion between the two beams, the beam LA and the beam LB,
is added is detected by the photoelectric conversion unitin the
photo detector 29, and is sent to the signal comparator 33.
Therefore, by performing a comparison of these two phases in
the signal comparator 33, the true phase difference 9 is
detected. This true phase difference 9 is dh=n0/4m, which is
the average phase difference of the beam LA and the beam
LB, that is, the difference information of the average height h.
Here, A represents the wavelength of the laser light emitted
from the laser light source 21.

When the information is sent to the data processing unit 34
constituted of a CPU, a memory, and so on and connected to
the signal comparator 33, this information is recorded
together with scanning information of a flat surface in the data
processing unit 34, and profile information of the surface of
the object under measurement G1 can be derived easily. Fur-
ther, when faster data are to be obtained, this can be realized
by using the acoustic optical device 23 having the velocity Va
that is as high as possible.

On the other hand, to perform the heterodyne detection in
this embodiment, part of the irradiated modulation signal is
taken out by the beam splitter 27, and a reference signal is
obtained in the photo detector 28. Then, a differential output
is obtained from this reference signal and the signal detected
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in the photo detector 29 divided in two, and the phase difter-
ence information and the intensity information are obtained
by the signal comparator 33, which are then sent to the data
processing unit 34.

In the data processing unit 34, the information obtained
together with the scanning information is displayed in the
form of an image or data on a display, or stored as data in the
memory.

However, the photo detector 28 is not always necessary,
and a comparison may be performed with a signal outputted
to the acoustic optical device 23, that is, a signal itself applied
to the acoustic optical device 23. In this case, a delay due to
the circuit system, the acoustic optical device, or the like
occurs, but performing correction of this delay in advance, or
the like can prevent it from largely affecting the phase differ-
ence detection, and so on.

Further, the two quite close spot lights scanning the surface
of the object under measurement G1 are lights having difter-
ent frequencies from each other. However, substantially, quite
close spots can be made even with high frequencies by using
a magnifying optical system such as the pupil transmission
lens system 25, 30, or the like. Thus, high-speed information
obtainment by high-speed scanning can be performed.

From the foregoing, by using the optical system of the
distance measurement system of this embodiment as
described above, it is possible to obtain three-dimensional
measurement data every time two-dimensional scanning is
performed. Accordingly, by using the distance measurement
system of this embodiment, a change in the state of acellora
microorganism, a transient change in surface state, or the like
can be observed and measured at high speed.

On the other hand, the two lights obtained in this manner
can be given a very small degree of separation by the above-
described method, and have substantially no difference from
information scanned by one beam. In contrast, the method to
scan with one beam and obtain the differential output of the
photo detector, which is divided at least in two and disposed
in a far field, is the above-described DPC method.

That is, as compared to the DPC method, in such a method
further using this heterodyne method, more accurate detec-
tion can be performed because of that a phase change and an
intensity change can be detected quite accurately by perform-
ing the heterodyne detection, that accurate detection is pos-
sible even when lights received by the photo detector 29 are
very weak by increasing the gain of the detection circuit
system, and that the detection is not affected by disturbance
lights since the signal to be detected is only a modulation
signal.

Further, it is also possible to display a three-dimensional
image by using a commercialized auto-stereoscopic display,
three-dimensional display using a pair of polarized glasses, or
the like, and thus it can be made as a useful apparatus in
education, study, medical care, and the like. Since the degree
of overlap of the two beams at that time is smaller than the
beam diameter, almost no path difference occurs in the two
beams. From this point, the influence of disturbance and
vibration occurs simultaneously in the two beams, and thus
the influence of them is canceled out.

On the other hand, in this embodiment, an example is
illustrated in which the degree of separation of the beams is
made much smaller than the individual beam diameters.
However, the optical system of the present invention is useful
even in the case where, by increasing the modulation fre-
quency, the degree of separation of the beams becomes large,
and the degree of separation to the extent of the beam diam-
eter is needed.
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Note that although an example of using the two-dimen-
sional scanning device is described in this embodiment, in an
application which needs simple data of only one direction,
similar effects can be obtained when this two-dimensional
scanning device is replaced with a one-dimensional scanning
device. As the one-dimensional scanning device, a galvano
mirror, a resonant mirror, a rotating polygon mirror, or the like
can be employed. Further, the two-dimensional scanning
device can be realized by preparing two above-described
one-dimensional scanning devices for X direction and Y
direction, and interposing a pupil transmission lens system
therein. Further, a micro-mirror device using the technology
of micro-machine may be employed. As this micro-mirror
device, ones for both one-dimensional use and two-dimen-
sional use are known and commercialized.

As described above, by processing spatial frequency infor-
mation on a Fourier transform plane, quite large improvement
in lateral resolution can be achieved particularly in difference
operation. Further, as described above, the point that the
intensity difference signal is data reflecting the height of
profile data is also the same.

Embodiment 3

This is an embodiment in the case where the reflective
optical system described in Embodiment 2 is replaced with a
transmissive optical system.

FIG. 6 is a block diagram illustrating a distance measure-
ment system using a transmission type optical system accord-
ing to this embodiment. The major part of the optical system
is the same as in Embodiment 2 and hence is omitted from
description. In this embodiment, as illustrated in FIG. 6, the
lights gathered at the objective lens 31 transmit an object
under measurement G2. Accordingly, it is characterized in
that a photo detector 49 is disposed on the side opposite to the
objective lens 31 across the object under measurement G2.
That is, in the case of this embodiment, the photo detector 49,
which is divided in the form that a dark line extends in a
perpendicular direction to the separation direction of two
beams, is disposed on an extended line of the optical axis L of
the objective lens 31.

From the above, according to this embodiment, as com-
pared to the reflection type optical system, the photo detector
49 can be disposed closely to the object under measurement
(G2, and thus it is possible to set the spatial frequency which
can be obtained to a very high frequency. As a result, repro-
ducibility of the spatial frequency which the object under
measurement G2 has becomes good, and thus further
improvement in lateral resolution becomes possible. In par-
ticular, observation or measurement of a living organism, a
cell, orthe like in a living state can be performed at a very high
resolution. This is a quite different characteristic from a mea-
suring device which has a high magnification but is only able
to perform observation of a living organism in a dead state,
such as an electron microscope.

Embodiment 4

This embodiment is characterized in that as a member for
applying modulation, a spatial modulator is used as a substi-
tute for the acoustic optical device 23.

FIGS. 7A and 7B are conceptual diagrams illustrating a
spatial modulator of this embodiment. In order to allow driv-
ing magnetic garnet films 48 A constituting a spatial modula-
tor 48 as illustrated in FIG. 7A by a voltage or current pixel by
pixel, electrodes (not illustrated) are added, and this spatial
modulator 48 is disposed at the position of the acoustic optical
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device 23 in FIG. 4. Then, by applying a voltage or current to
each pixel of the magnetic garnet films 48A, the polarized
surface of each pixel rotates by a magneto-optic effect, where
the degree of this rotation of polarized surface is determined
by the magnitude of the voltage or current to be applied. As
the spatial modulator 48 having such a structure, there is one
whose number of pixels is 128x128 and which has a response
speed of 15 ns.

Moreover, the voltage or current is applied to each pixel in
the shape illustrated in FIG. 7B in a direction perpendicular to
the scanning direction of this spatial modulator 48 so that the
intensity or phase of a light which passed through the polar-
ized beam splitter 27 of FIG. 4 becomes a sine grating pattern
in a strip form. At that time, by causing a single vibration at a
frequency fm=+2mv/d which is displaced in phase in each
pixel, this grating can be moved at a velocity v.

Specifically, when the pitch of this grating in a sine wave
form is d, and a moving speed thereof is v, the following
equation holds.

A cos {2a/d(x-vi) }=A/2(expj{2n/d(x—vi) }+
expj{-2n/d(x-vi)})

Accordingly, the positive and negative first order diffracted
lights have a modulation frequency fm=+2mv/d. Note that in
the case of intensity, a zero order direct current component is
generated, but it does not affect the beat signal since it is a
direct current component.

Here, the positive and negative first order diffracted lights
are to the extent that the beams are overlapped in a desired
degree by the pitch of the sine grating and the magnification
of'the pupil transmission magnitying lens system, similarly to
Embodiment 2. Further, effects similar to those of Embodi-
ment 2 can be obtained by determining the velocity v so that
the modulation frequency fm becomes about 8 MHz. The
response speed of the spatial modulator 48 is set to 15 ns, but
the spatial modulator in the current situation is digital and
binary.

However, it is possible to perform analog modulation, and
the response speed at that time is to the extent that there is a
possibility of deterioration by about one order of magnitude.
By using it in combination with the pupil transmission mag-
nifying lens system, it is possible to sufficiently obtain a
modulation frequency equal to or more than 8 MHz. In this
case, as compared to Embodiment 2, the pupil transmission
magnifying lens system becomes simple. This is because,
while the modulation frequency is determined by the
response speed of the device, the degree of separation of the
beams can be made small when the pitch of the grating is
made as large as possible.

Therefore, the smallest degree of separation is determined
by the size of the device, and thus high-speed scanning is
possible by appropriately selecting the size. Note that also the
driving circuit and the like can be simplified by making the
pixels themselves of the above-described spatial modulator
48 in a strip form as illustrated in FIG. 7.

Note that when elements which cause a Raman-Nath dif-
fraction are used also in the acoustic optical device 23, by
denoting the modulation frequency by fm, the positive and
negative first order diffracted lights can be made to have the
modulation frequency fm from the following equation.

A cos(2afmt)=A/2(exp(j2nfmt)+exp(—j2nfnt))

In this case, similar effects can be achieved by a simpler
modulation signal than that of modulation like the DSB
modulation.
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Hereinafter, Embodiment 5 to Embodiment 10 related to
an optical resolution improvement apparatus according to the
present invention will be described in detail based on the
drawings.

Embodiment 5

Embodiment 5 of an optical resolution improvement appa-
ratus according to the present invention will be described
below with reference to FIG. 8.

FIG. 8 is a schematic diagram illustrating a structure of the
optical resolution improvement apparatus of this embodi-
ment. As illustrated in FIG. 8, a laser light source 21 which
emits a light is disposed to oppose an objective lens 31 via a
not-illustrated optical apparatus, and the light emitted by this
laser light source 21 is converged and irradiated to a sample S
as an is object under measurement which is a transmissive
object. On an optical axis .0 which is an irradiation optical
axis of the convergent irradiation of this laser light source 21,
alens 75 as a first lens which is a convex lens is positioned,
and a luminous flux which is transmitted through the sample
S as the object under measurement and emitted therefrom is
converted by the lens 75 into a parallel luminous flux.

On the optical axis L0 below this lens 75, two first beam
splitters 72A, 72B which divide the parallel luminous flux
emitted from the lens 75 to the right and the left, respectively,
are disposed sequentially, and a first photo detector 6 receiv-
ing this light is located below them. However, this first photo
detector 6 is constituted of two divided photo detectors 6A,
6B located with the optical axis L0 being interposed therebe-
tween. Then, the divided photo detector 6A on the right side
receives a portion on the right side of the optical axis L0 in the
transmitted light from the lens 75, and the divided photo
detector 6B on the left side receives a portion on the left side
of'the optical axis .0 in the transmitted light from the lens 75.

On the other hand, on an optical axis [.1 which is a tilted
optical axis having a tilt on the right side of FIG. 8 with
respect to the optical axis [0, a lens 76 as a second lens which
is a convex lens is located, and this lens 76 converts the
luminous flux emitted from the sample S into a parallel lumi-
nous flux. On this optical axis L1, a reflecting mirror 78 for
reflecting the parallel luminous flux is disposed, and further
below this reflecting mirror 78, a second beam splitter 73 is
located. Accordingly, the reflecting mirror 78 disposed
between the lens 76 and the second beam splitter 73 reflects
the emitted lights from the lens 76 toward the second beam
splitter 73 side. Further, below the second beam splitter 73, a
second photo detector group 4 constituted of a plurality of
divided photo detectors is located.

Moreover, the first beam splitter 72A on the upper side out
of the two first beam splitters 72A, 72B sends the divided
luminous flux toward the second beam splitter 73 side.
Accordingly, the second beam splitter 73 makes the luminous
flux emitted from the lens 75 and the luminous flux emitted
from the lens 76 interfere with each other, and these luminous
fluxes are received by the second photo detector group 4.

On the other hand, a lens 77, a reflecting mirror 79, a
second beam splitter 74, and a second photo detector group 5
which have the same structures as described above are dis-
posed on the left side of FIG. 8 symmetrically with respect to
the optical axis L0. Thus, the two first beam splitters 72A,
72B and the right and left second beam splitters 73, 74 make
the luminous flux emitted from the lens 75 and the luminous
fluxes emitted from the lenses 76, 77 interfere with each other.

Moreover, the above-described divided photo detectors
6A, 6B and the photo detector groups 4, 5 are connected to a
comparator 7 for comparing signals from the photo detectors
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6A, 6B and the photo detector groups 4, 5. Then, this com-
parator 7 is connected to a data processing unit 8 which finally
processes data to obtain the profile of the sample S, and the
like. Accordingly, the comparator 7 and the data processing
unit 8 constitute an output difference detection unit detecting
an output difference between the divided photo detectors 6A,
6B of the first photo detector 6 located with the optical axis L0
being interposed therebetween and an output difference
between the pair of second photo detector groups 4, 5.

From the above, the lights converged at the objective lens
31 illustrated in FIG. 8 forms a spot on the sample S as the
object under measurement. This spot ideally has the diameter
of'the diffraction limit, and spatial frequency information of a
pattern of the sample S inside this spot diameter is diffracted
as a transmitted light. Here, when the spatial frequency of a
light not incident on the lens 75 within the first order dif-
fracted light of the spatial frequency which the sample S has
is considered, the zero order diffracted light which is trans-
mitted through the sample S and the light of a spatial fre-
quency component lower than the aforementioned spatial
frequency are incident on the lens 75. From this fact, with the
lens 75 alone, the pattern of the sample S can be reproduced
up to the cut-off frequency which the lens 75 has.

However, the spatial frequency of alight not incident on the
lens 75 is cut, and this results in a defect of image information.
Accordingly, the lens 76 and the lens 77 are disposed to have
a certain tilt at positions symmetrical to each other with
respectto the optical axis L0 of the zero order diffracted light,
as illustrated in FIG. 8. Here, the tilt angles of the optical axes
L1,1.2 ofthe lens 76 and the lens 77 relative to the optical axis
L0 of the zero order diffracted light are set to be comparable
to the spatial frequency at which the contrast of the sample S
becomes maximum.

Specifically, the luminous flux on the optical axis [.1 of the
lens 76 is returned by the reflecting mirror 78 and is combined
by the beam splitter 73 with the luminous flux on the optical
axis L0 of the zero order diftracted light separated by the
beam splitter 72A. The combined light itself is guided to the
photo detector group 4. Therefore, the zero order diffracted
light and the first order diffracted light emitted from the lens
76 are made to interfere, and the photo detector group 4
receives these lights. This is because, at that time, the lumi-
nous flux having the highest contrast becomes the luminous
flux of the spatial frequency matching the optical axis L1 of
the lens 76.

When a similar optical system is considered, which is
located in a direction opposite to the above-described optical
system with respect to the optical axis L0 of the zero order
diffracted light, the luminous flux on the optical axis [.2
which is the tilted optical axis of the lens 77 is returned by the
reflecting mirror 79. The luminous flux on the optical axis [.2
of this lens 77 is combined by the beam splitter 74 with the
luminous flux on the optical axis L0 of the zero order dif-
fracted light passed through the beam splitter 72A and
returned by the beam splitter 72B. The combined lights them-
selves are guided to the photo detector group 5. Therefore, the
zero order diffracted light and the negative first order dif-
fracted light emitted from the lens 77 are made to interfere,
and the photo detector group 5 receives these lights.

Here, the photo detector group 4 is constituted of a plurality
of divided photo detectors, and each divided photo detector
obtains interference fringe intensity resulting from sampling,
at appropriate pitches, interference fringes of interference of
the zero order diffracted light and the first order diffracted
light. Specifically, this is because when the optical axis [.0 of
the zero order diffracted light and the optical axis L1 of the
first order diffracted light do not have a tilt, they result in even
interference intensity in a luminous flux, but when they have
atilt of some degree, they result in interference fringes at even
pitches. The pitches of the interference fringes are due to the
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emission angle of the first order diffracted light, and thus
reflecting the spatial frequency which is incident on the lens
76.

Further, the photo detector group 5 is also constituted of a
plurality of divided photo detectors, and each divided photo
detector obtains interference fringe intensity resulting from
sampling, at appropriate pitches, interference fringes of inter-
ference of the zero order diffracted light and the negative first
order diffracted light, and operates in the same manner as
above.

Therefore, the photo detector groups 4, 5 are disposed in
the form that they are each constituted of a plurality of divided
photo detectors, and information reflected by the spatial fre-
quency can be obtained. By obtaining an output difference
between the divided photo detectors which obtain substan-
tially corresponding spatial frequencies in the photo detector
groups 4, 5, higher spatial frequency information can be
obtained.

The above is effective particularly in an optical system of
the DPC method and an optical system combining the DPC
method and the heterodyne method, which is proposed by the
present inventors. For simplicity, it is described with the
transmissive optical system above, but disposing this optical
resolution improvement apparatus in a direction reflecting
from a sample surface provides similar effects.

The point that the substantial spatial frequency which can
be obtained by the above optical system can be increased is
clarified quantitatively below. However, for simplicity of
explanation, the sample S is assumed to be in the form of a
sine wave with a height h and a pitch d. Specifically, an optical
phase 0 is represented by the following equation.

0=25th/h sin(2mx/d+60) Equation (9)

The amplitude E of a light deflected from the sample S is
given as a convolution of Fourier transform of Equation (9)
and the aperture of the lens on a plane separated by the focal
length f, and hence is represented as follows. However, the
Bessel function which is Fourier transform of the phase of
Equation (9) takes up to the positive and negative first order.
Here, E, and E, are complex amplitude distributions of the
zero order diffracted light and the first order diffracted light,
respectively, passing through the lens 75 and the lens 76 on
which they are incident. They are represented by Equations
(10) and (11), respectively.

Equation (10)

Ey = fJo(Zn;]é(X)rect(xz_ X )dX = Jo(Zﬂ;)rect(z—);)

a

Equation (11)

E, = le(Zﬂﬁ](jsinOO - 00500)6(X - E)r@ct(x - X )dX
A d 2a
Af
= Jl(Znﬁ)(jsinOO - cos@o)recr[x _d ]
A 2a

Similarly, when is a complex amplitude distribution which
is an amplitude distribution of the negative first order dif-
fracted light passing through the lens 77 on which it is inci-
dent, it is as following Equation (12).

Equation (12)

Af x—X
—)rect( %

d Jax

Af

h
E, = le(ZWx](]'Sineo +cos€0)6(X +

X+

h
=J; (an](jsin% + cosOo)recr[ Zad
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From Equation (10) representing the complex amplitude
distribution of the zero order diffracted light and Equation
(11) representing the complex amplitude distribution of the
first order diffracted light, the intensity I, on the photo detec-
tor group 4 is as the following equation, which is a result of
combining the luminous flux of the lens 75 and the luminous
flux of the lens 76 by the beam splitters 72A, 73 and making
them interfere with each other on the photo detector group 4.

= (nf2rg ) - (Znﬁ]exp(—jeo))z

Similarly, from Equation (10) representing the complex
amplitude distribution of the zero order diffracted light and
Equation (12) representing the complex amplitude distribu-
tion of the negative first order diffracted light, the intensity I,
on the photo detector group 5 is as the following equation,
which is aresult of combining the luminous flux of the lens 75
and the luminous flux of the lens 77 by the beam splitters 74,
72B and making them interfere with each other on the photo
detector group 5.

h h RS
L= (JO(ZHX] +J; (an]exp(—ﬁo)]

However, for simplicity, the intensity I, and the intensity I,
are ones such that there is substantially no optical path dif-
ference between the zero order diffracted light and the posi-
tive and negative first order diffracted lights. When the dif-
ference output of the photo detector group 4 and the is photo
detector group 5 is represented in this manner, it is as follow-
ing equation.

h h
Al=1 -1 « —4J0(2ﬂX]J1(2ﬂX]COSOO

Here, the reason for using the photo detector groups each
constituted of an appropriate number of divided photo detec-
tors instead of using a sole photo detector is that they enables
an analysis also considering the distribution of the spatial
frequency component included in the sample S from the
amount of received light because the photo detector and the
spatial frequency are in a correspondence.

If the zero order diffracted light and the first order dif-
fracted light are not made to interfere, the intensity of the
positive and negative first order diffracted lights is as the
following equation, and when the difference output is
obtained, it becomes 0.

I1=E}
=2 (nforg)]
=FE5 o« |J) ﬂ/l

Further, if an output of summation is obtained, the phase
information 60 is completely lost. The result is only informa-
tion about whether the spatial frequency exists or not in the
sample S, and information desired to be known such as profile
information cannot be obtained.

The optical system of the DPC method and the optical
system combining the DPC method and the heterodyne
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method, to which it is effective to specifically apply the
above-described optical system, will be described below.
Here, FIG. 9 illustrates a block diagram of a transmissive
optical system in the DPC method, and FIG. 10 illustrates a
block diagram of a reflective optical system in the DPC
method.

First, as illustrated in FIG. 9, the luminous flux from the
laser light source 21 is converted into a parallel luminous flux
by the collimator lens 22 and is made to be incident on the
two-dimensional scanning device 26. This two-dimensional
scanning device 26 is a device which scans a light on a surface
and is constituted of a MEMS, a galvano mirror, a resonant
mirror, or the like.

This parallel luminous flux passes through the pupil trans-
mission lens system 30 for transmitting the pupil position of
the two-dimensional scanning device 26 to the pupil position
of the objective lens 31 and is incident on the objective lens
31, and thereafter is converged on the sample S. The light
converged on the sample S becomes a transmitted light and is
incident on the photo detector 29. This photo detector 29 is a
photo detector disposed at a position substantially in a far
field from the sample S, and divided at least in two symmetri-
cally with respect to the optical axis L.

As aresult, the parallel luminous flux on the optical axis L.
is separated into the zero order diffracted light and the posi-
tive and negative first order diffracted lights by a refractive
index distribution as well as convexes and concaves of the
sample S, and these separated lights are received by the photo
detector 29 while interfering with each other. Accompanying
this, information of the refractive index distribution and the
convexes and concaves of the sample S are converted in the
not-illustrated photoelectric conversion unit in the photo
detector 29 based on interference information of the zero
order diffracted light and the positive and negative first order
diffracted lights. At that time, the aforementioned informa-
tion of the sample S is reflected on the difference output
between the two photo detectors of the photo detector 29,
which are symmetrical with respect to the optical axis L.

On the other hand, FIG. 10 is a block diagram of the
reflective optical system, which is different from the trans-
missive optical system of FIG. 9 in that a beam splitter 27 is
disposed between the collimator lens 22 and the two-dimen-
sional scanning device 26. Itis also different in that part of the
luminous flux is taken out by the beam splitter 27, and this
luminous flux is received by the photo detector 29 constituted
of photo detectors divided at least in two, so as to detect an
output difference between them. At that time, the reflected
parallel light from the sample S is substantially far field
information.

The above-described structures illustrated in FIG. 4 and
FIG. 6 representing the embodiments related to the distance
measurement system are also the optical system combining
the DPC method and the heterodyne method, which is pro-
posed by the present inventors. Here, FIG. 4 is also a block
diagram of the reflective optical system combining the DPC
method and the heterodyne method, and FIG. 6 is also a block
diagram of the transmissive optical system combining the
DPC method and the heterodyne method.

For this reason, a detailed explanation of the optical sys-
tems combining the DPC method and the heterodyne method
is omitted. However, these optical systems differ from the
optical systems illustrated in FIG. 9 and FIG. 10 in that, as
illustrated in FIG. 4 and FIG. 6, two quite close luminous
fluxes are generated by the acoustic optical device 23 and are
irradiated to the sample S which is the object under measure-
ment.
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Further, by using the optical system illustrated in FIG. 8 for
the photo detector part of the optical systems as above, it is
possible to largely improve information with a higher spatial
frequency, that is, a lateral resolution. Moreover, it is also
possible to be an optical resolution improvement apparatus
for a parallel luminous flux system by making the luminous
flux irradiated to the sample S be a parallel luminous flux,
omitting the lenses 75, 76, 77 illustrated in FIG. 8, and struc-
turing the other optical system to be the same as the above
embodiment.

Photo detector systems of the following embodiments may
be applied to the photo detector part of the optical system of
the DPC method and the photo detector part of the optical
system combining the DPC method and the heterodyne
method, and thus the explanation of optical systems other
than the photo detector systems will be omitted in the follow-
ing embodiments.

Embodiment 6

In this embodiment, a lens is installed to be tilted with
respectto the optical axis L0 of the zero order diffracted light.
Thus, it is possible to take in not only part of the zero order
diffracted light but also part of the first order diffracted light
having a higher spatial frequency compared to the case of
using the same lens, realizing interference of these zero order
diffracted light and first order diffracted light.

Asillustrated in FIG. 11, this embodiment is the same as in
FIG. 8 up to that the parallel light is incident on the objective
lens 31 and is converged on the sample S. However, in this
embodiment, part of the zero order diffracted light and part of
the first order diffracted light which are transmitted through
the sample S are taken into a lens 36 in a state of being tilted
by an optical axis [.3 having an intermediate tilt angle
between the zero order diffracted light and the first order
diffracted light. Then, by shifting and overlapping the lumi-
nous fluxes of the partial first order diffracted light and the
partial zero order diffracted light with each other by a rhom-
boid prism 39 or the like, their luminous fluxes are made to
interfere with each other.

Further, one face of the rhomboid prism 39 is a translucent
mirror 39 A, the opposite face of this translucent mirror 39A is
a translucent mirror 39B, and photo detectors 40, 41, 42 are
disposed to receive lights which passed through the respective
faces. Here, the photo detector 40 and the photo detector 41
each reflect a result of interference between the part of the
zero order diffracted light and the part of the first order dif-
fracted light. The photo detector 42 reflects a result of inter-
ference between the first order diffracted light of a low spatial
frequency diffracted in an area including the part of the zero
order diffracted light of the lens 36 and the part of the zero
order diffracted light.

The results of interference of the zero order diffracted light
and the first order diffracted light will be described with the
following equations.

First, an optical system similar to the optical system illus-
trated in FIG. 11 is disposed also for the negative first order
diffracted light to be symmetrical to the optical axis .0 of the
zero order diffracted light, which is not illustrated in FIG. 11.
When the difference output of these corresponding photo
detectors is obtained, the following can be considered. For
simplicity of explanation, when the sample S is assumed to be
in the form of a sine wave with a height h and a pitch d, an
optical phase 0 is represented by the following equation.

0=2ath/\ sin(20x/d+00)

The amplitude E of a light deflected from the sample S is
given as a convolution of Fourier transform of Equation (9)
and the aperture of the lens on a plane separated by the focal
length f, and hence is represented as follows.

Equation (9)
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However, the Bessel function which is Fourier transform of
the phase of Equation (9) takes up to the positive and negative
first order.

Further, as illustrated in FIG. 11, the optical axis [.3 is tilted
by an angle £ substantially corresponding to sin~* (NA) of the
lens 36. At that time, a direction perpendicular to the optical
axis .3 is y axis, and the center position of the first order
diffracted light corresponding to the spatial frequency 1/d of
Equation (1)is Y1.

At that time, when the optical axis 3 is tilted by the angle
with reference to above Equation (2), the center of the zero
order diffracted light of Equation (2) is displaced by a, and the
center axis of the first order diffracted light becomes y1. Thus,
a complex amplitude distribution E, is given by following
Equation (13).

E = Equation (13)

h y—a h y—yl
Jo(hx)rect(j) - JI(ZRX](rect( 7

Similarly, for the negative first order diffracted light in the
optical system symmetrical to the first order diffracted light
with respect to the optical axis [0 of the zero order diffracted
light, it is as following Equation (14).

)Eyp(—ﬁo))

E, = Equation (14)

h y+a h y—yl
Jo(ZﬂX]rect( 7 ) + Jl(ZnX](rect( P

Here, y1 is f tan(©-§).
Since

)Eyp(—ﬁo))

tan(@)=Md
and

tan(§)=a/f=N4,

y1 is as the following equation.

In the optical system of FIG. 11, the optical axis [.3 of the
lens 36 is substantially shifted and overlapped on the bound-
ary between the zero order diffracted light and the first order
diffracted light, and thus Equation (13) becomes following
Equation (13)'.

Equation (13)

E = Jo(Zﬂ;)rect(%) -Ji (Zﬂ;)(rect(y ;ayl ]eyp(—j@o)]
Here, O<y=a.
Equation (13)' is

h h
E = Jo(kx) - Jl(ZﬂX]eyp(—jGO)

Here, yl-a<y=a.

Thus, the complex amplitude distribution E; is largest
when y1=a, and is zero when y1=2a.

y1=2a means that information up to the spatial frequency
equivalent to 3a is obtained when seen from the zero order
diffracted light. Therefore, as compared to when the same
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lens of NA is used, a spatial frequency up to 1.5 times can be
obtained. By this amount, the optical resolution is substan-
tially improved.

On the other hand, for the negative first order diffracted
light in the optical system symmetrical to the first order dif-
fracted light with respect to the optical axis L0 of the zero
order diffracted light, when a direction perpendicular to the
optical axis [.2 of the negative first order diftracted light is
likewise y' axis, it is as following Equation (14)'.

’

h h -yl
E, = JO(ZnX)rec{;—a] + JI(ZHX)(recr(y Zay ]eyp(j@o))

Here, O<y=a.
Equation (14)' is

Equation (14)

h h
E,= Jo(kx) " Jl(znx)eyp(jeo)

Here, —a<y'syl+a.

Thus, the complex amplitude distribution E_, is largest
when y1=-a, and is zero when y1=-2a.

y1=-2a means that information up to the spatial frequency
equivalent to —3a is obtained when seen from the zero order
diffracted light. Therefore, as compared to when the same
lens of NA is used, a spatial is frequency up to 1.5 times can
be obtained. It is similar to the first order diffracted light in
that, by this amount, the optical resolution is substantially
improved.

For the information obtained in this manner, a difference
output Al between a summation output of the photo detector
40 and the photo detector 41 and the photo detector of the
negative first order diffracted light equivalent thereto is
obtained by the following equation.

Al =E} —E*| o —4J, (2 ﬁ)J (Zﬂﬁ] 0,
= £ -1 0 ”/1 1 /\COSO

This is substantially the same equation as that in Embodi-
ment 5. However, the optical system is simpler compared to
Embodiment 5 and is constituted of a simple element like the
rhomboid prism, and shaping the lens integrally, or the like
enables to make a stable optical system. Note that similar
effects can be provided by the rhomboid prism substantially
constituted of two half mirrors.

Embodiment 7

Embodiment 7 of an optical resolution improvement appa-
ratus according to the present invention will be described
below with reference to FIG. 12.

FIG. 12 is a schematic diagram illustrating a structure of
the optical resolution improvement apparatus of this embodi-
ment. As illustrated in FIG. 12, in this embodiment, a lens 36
is installed to be tilted with respect to the optical axis L0 of the
zero order diffracted light. Because of this, not only part of the
zero order diffracted light but also part of the first order
diffracted light having a higher spatial frequency compared to
the case of using the same lens are taken in, realizing inter-
ference in an imaging optical system. Note that, although not
illustrated, an identical optical system is disposed at a sym-
metrical position with respect to the axis L0 in this embodi-
ment.
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This embodiment is the same as the Embodiment 6 up to
that the lens 36 is tilted and part of the zero order diffracted
light and part of the first order diffracted light are obtained. In
this embodiment, the diffracted lights which are converted
into a parallel luminous flux by the lens 36 are gathered in the
lens 52. The diffracted lights are overlapped with each other
by this lens 52 in the vicinity of a focal point and substantially
interfere. However, it is not interfere of the zero order dif-
fracted light and the positive and negative first order dif-
fracted lights, and thus it is different from imaging of the
sample S itself.

Moreover, the pitches of interference fringes can be wid-
ened by elongating the effective focal length of the lens 52. If
the focal lengths of the lens 36 and the lens 52 are the same,
the pitches are naturally the same, and become the spatial
frequency of the sample S. On the other hand, interference
made by the other optical system of the negative first order
diffracted light results in interference fringes with shifted
pitches. However, when the photo detectors are large with
respect to the pitches of the interference fringes, positioning
of'the elements receiving the positive and negative first order
diffracted lights is difficult.

Accordingly, when the interference fringes themselves are
enlarged by a magnifying optical system 53 and are made
substantially equal to the size of a photo detector 50, inverse
phases naturally occurs in the positive and negative first order
diffracted lights, and thus the darkness and brightness reverse
in the form that the zero order diftracted light becomes a bias.
In this manner, information can be obtained quite easily up to
an area where the spatial frequency is high. In the case of this
embodiment, since the lens 52 is used, a wavefront aberration
is tolerated to the extent that the phase difference between the
zero order diffracted light and the first order diffracted light
which are incident on this lens 52 is reflected as it is. There-
fore, it is not necessary to use an expensive lens.

Note that in this embodiment, even lenses having focal
lengths which are different in some degree can be used as they
are because they are to the extent that the pitches of interfer-
ence fringes change in some degree if there is no large change
in amount of light to be received in the photo detectors for
them and the wavefront aberration in the lens surface is not
large. Further, the limit of the spatial frequency which can be
obtained is about 1.5 times because the principle is substan-
tially the same as in FIG. 11. This optical system is consti-
tuted by using only the lens system and thus is very simple
and strong against disturbances.

Embodiment 8

Embodiment 8 of an optical resolution improvement appa-
ratus according to the present invention will be described
below with reference to FIG. 13.

FIG. 13 is a schematic diagram illustrating a structure of
the optical resolution improvement apparatus of this embodi-
ment.

As illustrated in FIG. 13, in this embodiment, a converged
light is not incident on the sample S, but a parallel luminous
flux having a relatively large diameter is incident thereon. In
this case, a lens 36 is installed to be tilted with respect to the
optical axis L0 of the zero order diffracted light. Because of
this, not only part of the zero order diftracted light but also
part of the first order diffracted light having a higher spatial
frequency compared to the case of using the same lens can be
taken in. Note that, although not illustrated, an identical opti-
cal system is disposed at a symmetrical position with respect
to the axis L0 in this embodiment.
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However, this embodiment is the same as the Embodiment
6 up to that the lens 36 is tilted and part of the zero order
diffracted light and part of the first order diffracted light are
obtained. In this embodiment, the zero order diffracted light
and the first order diffracted light are both a condensed lumi-
nous flux. Separate lenses 64, 65 having focal points at
respective focal positions of the lens 36 are disposed, and the
condensed luminous flux is converted into a parallel luminous
flux by these lenses 64, 65. After the conversion into a parallel
luminous flux in this manner, the part of the zero order dif-
fracted light and the part of the first order diffracted light are
made to interfere with each other by using the optical systems
illustrated in FIG. 11 and FIG. 12.

In this case, the diameter of the luminous flux to be incident
on the sample S is large, and thus information in the plane is
averaged. Accordingly, by providing a not-illustrated limit
aperture for the incident parallel luminous flux, the informa-
tion is construed as the information of this portion, or it
becomes possible to detect an irregular pattern in a regular
pattern. Specifically, since the direction of a regular first order
diffracted light is known in advance from the design, the
direction of the first order diffracted light can be suppressed
by masking the focal point of the lens 36.

On the other hand, the other components will be incident
on the lenses 64, 65, and thus information from a defect
portion can be detected. For example, an application to defect
inspection on a semiconductor wafer, inspection of uneven-
ness in a nano-structure, or the like is possible. Note that the
limit of the spatial frequency which can be obtained is about
1.5 times because the principle is substantially the same as in
FIG. 11.

Embodiment 9

Embodiment 9 of an optical resolution improvement appa-
ratus according to the present invention will be described
below with reference to FIG. 14.

FIG. 14 is a schematic diagram illustrating a structure of
the optical resolution improvement apparatus of this embodi-
ment. This embodiment is employed for an optical system
similar to FIG. 12. This embodiment has a structure in which,
as illustrated in FIG. 14, a grating 54 as a diffraction grating
is disposed at a focal point of the lens 52 instead of the
magnifying optical system 53 being deleted. Note that,
although not illustrated, an identical optical system is dis-
posed at a symmetrical position with respect to the optical
axis L0 in this embodiment.

As aresult, the zero order diffracted light and the first order
diffracted light which are diffracted by the sample S are
further diffracted by the grating 54, and the zero order dif-
fracted light and the first order diffracted light substantially
interfere with each other. In FIG. 14, the hatched part is an
interference part K where the zero order diffracted light and
the first order diffracted light overlap, and a similar interfer-
ence part K exists also on the opposite side for the optical axis
L3.

Here, when the grating 54 is constituted to have a sine wave
form, diffracted waves by the grating 54 do not have a phase
difference in the zero order diffracted light and the positive
and negative first order diffracted lights. In this case, the
phase difference in portions symmetrical to the optical axis
L3 is the same, and thus the overlapped portions are in the
same phase. Therefore, in this embodiment, the photo detec-
tor 50 may obtain the light amounts of the portions including
the interference parts K of at least two areas outputted from
the grating 54.
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However, although the interference parts K are symmetri-
cal and in the same phase with respect to the optical axis L0,
for the negative first order diffracted light diffracted by the
sample S, the phase of the interference part K reverses by 180
degrees. On the other hand, the intensity of part other than the
interference part K is the same in the direction of the positive
and negative first order diffracted lights which are diffracted
by the sample S, and thus when a differential output of the
intensity of the positive and negative first order diffracted
lights is taken, information of only the interference part K
remains.

On the other hand, when the grating 54 is constituted of a
substantial sine wave shape which generates a phase differ-
ence, there occurs a phase difference of 180° between the zero
order diffracted light and the positive and negative first order
diffracted lights by the grating 54. In this case, as described
above, the photo detector 50 may obtain the light amount of
the portion including the interference part K of at least one
area outputted from the grating 54, as described above. How-
ever, the point different from the above is that the phase
difference which the grating 54 has is reflected here, and thus
the position with respect to the beams of the grating 54 is also
reflected. Therefore, position adjustment with respect to the
beams of the grating 54 is necessary.

Note that the position adjustment is very easy. For the
sample S prepared in advance, which has a phase grating
having a certain spatial frequency, the adjustment may be
performed so that the intensity modulation of the photo detec-
tor 50 on the both sides observed by scanning becomes maxi-
mum, and the phase difference becomes 180° on the both
sides. The point that information of only the interference part
K remains when the differential output of the intensity of the
positive and negative first order diffracted lights is taken is the
same as above.

Embodiment 10

Embodiment 10 of an optical resolution improvement
apparatus according to the present invention will be described
below with reference to FIG. 15.

FIG. 15 is a schematic diagram illustrating a structure of
the optical resolution improvement apparatus of this embodi-
ment.

In this embodiment, a grating 54 similar to that in FIG. 14
is employed for another optical system. This embodiment
has, as illustrated in FIG. 15, a structure similar to Embodi-
ment 5 having the reflecting mirrors 78, 79 except having the
lenses 75, 76, 77. However, in this structure, a lens 55 is
disposed below the reflecting mirror 78 and the grating 54 is
disposed at a focal position of the lens 55 between the lens 55
and a photo detector 57 instead of the beam splitters 72A,
72B, 73, 74, and so on being deleted.

Moreover, the lens 75 is of a large size, and part of the
luminous flux transmitted through this lens 75 is incident on
the lens 55 and operates similarly to that in Embodiment 9.
Further, in this structure, a lens 56 is disposed below the
reflecting mirror 79, and similarly to the above, a grating 54 is
disposed at a focal position of the lens 56 between the lens 56
and a photo detector 58. Accordingly, the apparatus operates
similarly to the above also by the lens 56, the grating 54, the
photo detector 58, and so on.

Thus, the description of Embodiment 1 to Embodiment 10
has been finished. However, in above-described Embodiment
1, the irradiating means is constituted of the transmitting
antennas 11, 12 which are parabola antennas of microwave,
the electromagnetic wave detecting means is constituted of
the receiving antennas 13, 14 which are likewise parabola
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antennas, the signal generating means is constituted of the
signal generating device 16, and the measuring means is
constituted of the measuring device 17, thereby constituting
the distance measurement system using microwaves. How-
ever, the irradiating means may be a laser light source or a
simple light source, the electromagnetic wave detecting
means may be a photo detector capable of detecting a light,
and the signal generating means and the measuring means
may be devices or the like capable of processing signals from
the photo detector.

Note that although the photo detector 28 is used in Embodi-
ment 2 to Embodiment 4, it is conceivable that this photo
detector 28 is omitted, the to object under measurement G1,
(32 is not present or the objective lens 31 is largely defocused
to perform two-dimensional scanning, and phase information
is stored in the memory of the data processing unit 34 together
with two-dimensional scanning information. This phase
information is a phase displacement which an optical system
and an electric system have, and is thus by taking this infor-
mation as reference values, phase information of the case
where the object under measurement G1, G2 is present can be
corrected to thereby obtain true phase information. In this
manner, the photo detector 28 is no longer necessary, and
correction values can be obtained before observing the object
under measurement G1, G2, thereby allowing measurement
with high accuracy.

By obtaining correction values before observing the object
under measurement G1, G2 in this manner, particularly in
Embodiment 3, an enormous effect can be provided for appli-
cations such as monitoring in the case where cells or the like
are flown in a micro-channel, categorizing the cells after
judgment of cell shape is performed, and the like.

Specifically, since the micro-channel is an element in
which cells or the like are flown in one direction, one-dimen-
sional scanning device which scans in a direction perpendicu-
lar to the direction of the channel may be prepared instead of
the two-dimensional scanning device 26 of the Embodiments
2, 3. In this manner, as the reference phase, only phases
related to a very few points only in the one-dimensional
scanning direction may be stored in the memory, and also the
optical system becomes simple. Note that the point that simi-
lar effects can be obtained when intensity information is
obtained is the same as described above, and thus is omitted.

In the foregoing, the embodiments according to the present
invention have been described. However, the invention is not
limited to the above-described embodiments, and various
modifications can be made to implement the invention within
the range not departing from the spirit of the present inven-
tion.

The distance measurement system of the present invention
is not only capable of measuring the distance to an object
under measurement and the shape of an object under mea-
surement, but is applicable to measurement is apparatuses of
various types, such as microscopes.

Further, the optical resolution improvement apparatus of
the present invention is applicable not only to microscopes
but to various types of optical apparatuses and measurement
apparatuses using electromagnetic waves having wave
motion, and is capable of improving the resolutions of these
optical apparatuses and measurement apparatuses using elec-
tromagnetic waves having wave motion.

What is claimed is:

1. A distance measurement system, comprising:

an irradiating means for irradiating two coherent electro-

magnetic waves having frequencies different from each
other to an object under measurement in a partially dis-
placing manner while having a same area;
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an electromagnetic wave detecting means for detecting
electromagnetic waves from at least two or more areas
on the object under measurement with a boundary line
being interposed therebetween to extend in a direction
substantially perpendicular to the displacement direc-
tion;

a signal generating means for generating a difference sig-
nal or a summation signal of respective outputs of the
electromagnetic waves detected in the electromagnetic
wave detecting means at symmetrical positions with
respect to the boundary line; and

a measuring means for obtaining a phase difference or
intensity difference of the difference signal or summa-
tion signal to obtain measurement values.

2. The distance measurement system according to claim 1,
wherein the irradiating means is constituted of two transmit-
ting antennas each transmitting a microwave, and the electro-
magnetic wave detecting means is constituted of at least two
or more receiving antennas each receiving a microwave.

3. The distance measurement system according to claim 1,
wherein a memory which stores measurement data is con-
nected to the measuring means.

4. A distance measurement system, comprising:

a light source emitting a coherent light;

a first means for modulating the light emitted from the light
source into two lights which have frequencies different
from each other and are irradiated separately adjacent to
each other;

a second means for one-dimensionally or two-dimension-
ally scanning the two lights;

a third means for irradiating an object under measurement
with the two lights which are two-dimensionally
scanned, the two lights being partially displaced while
having a same area;

a fourth means for receiving at least two or more divided
reflected lights or transmitted lights from the object
under measurement with a boundary line being inter-
posed therebetween in a direction substantially perpen-
dicular to the direction in which the two lights are sepa-
rated;

a fifth means for generating a difference signal or a sum-
mation signal of respective outputs of the lights received
by the fourth means in areas with the boundary line
being interposed therebetween; and

a sixth means for obtaining a phase difference or an inten-
sity difference of the difference signal or the summation
signal to obtain a measurement value.

5. The distance measurement system according to claim 4,
wherein the first means is constituted of an acoustic optical
device or a spatial modulator, and two modulation signals are
applied to the acoustic optical device or the spatial modulator.

6. The distance measurement system according to claim 4,
wherein the second means is constituted of two one-dimen-
sional scanning elements combined for two-dimensional
scanning or a two-dimensional scanning element.

7. The distance measurement system according to claim 4,
wherein the third means irradiates the object under measure-
ment with parallel lights, convergent lights, or divergent
lights.

8. The distance measurement system according to claim 4,
wherein the sixth means uses heterodyne detection based on
a difference between two modulated frequencies.

9. An optical resolution improvement apparatus, compris-
ing:

a light source irradiating a light, which is irradiated con-

vergently or irradiated in parallel, to an object under
measurement;
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a first light processing member located on an irradiation
optical axis of the convergent irradiation or the parallel
irradiation and receiving and processing a luminous flux
emitted from the object under measurement;

a first photo detector having at least two divided photo
detectors which receive luminous fluxes of respective
side portions with the irradiation, optical axis being
interposed therebetween within a luminous flux which is
atransmitted light emitted from the first light processing
member;

apair of second light processing members each located on
a tilted optical axis having a tilt with respect to the
irradiation optical axis on one of light receiving sides of
the divided photo detectors of the first photo detector,
and receiving and processing a luminous flux emitted
from the object under measurement and making the
luminous flux and a luminous flux emitted from the first
light processing member interfere with each other;

a pair of second photo detectors receiving the luminous
fluxes made to interfere by the pair of second light pro-
cessing members; and

an output difference detection unit detecting an output
difference between the divided photo detectors located
with the irradiation optical axis of the first photo detector
being interposed therebetween and an output difference
between the pair of second photo detectors.

10. The optical resolution improvement apparatus accord-
ing to claim 9, wherein the light irradiated from the light
source to the object under measurement is irradiated conver-
gently,

the first light processing member is constituted of a first
lens converting the luminous flux emitted from the
object under measurement into a parallel luminous flux,
and

the second light processing members are constituted of a
pair of second lenses each converting the luminous flux
emitted from the object under measurement into a par-
allel luminous flux and optical elements each making the
luminous flux irradiated from the first lens and the lumi-
nous flux irradiated from one of the second lenses inter-
fere with each other.

11. The optical resolution improvement apparatus accord-
ing to claim 9, wherein the light irradiated from the light
source to the object under measurement is irradiated in par-
allel,

the first light processing member is constituted of a first
beam splitter splitting the luminous flux emitted from
the object under measurement, and

the second light processing members are constituted of a
pair of second beam splitters each making the luminous
flux emitted from the object under measurement and one
of the luminous fluxes split by the first beam splitter
interfere with each other.

12. The optical resolution improvement apparatus accord-
ing to claim 9, wherein a reflecting mirror reflecting an irra-
diated light from the second lenses to the optical element is
disposed between the second lenses and the optical element,
and

the optical element includes:

a first beam splitter splitting the parallel luminous flux
emitted from the first lens; and

a second beam splitter combining the luminous flux
reflected from the reflecting mirror and the luminous
fluxes split by the first beam splitter.

13. The optical resolution improvement apparatus accord-

ing to claim 9, wherein the pair of second photo detectors is
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constituted of a plurality of divided photo detectors and dis-
posed at positions symmetrical to each other with respect to
the irradiation optical axis.

14. An optical resolution improvement apparatus, compris-
ing:

a light source irradiating a light, which is irradiated con-
vergently or irradiated in parallel, to an object under
measurement;

afirst optical element located on a tilted optical axis having
a tilt with respect to an irradiation optical axis of the
convergent irradiation or the parallel irradiation and
making two luminous fluxes interfere with each other;

a plurality of first photo detectors each detecting the lumi-
nous fluxes made to interfere by the first optical element;

a second optical element located on a tilted optical axis
having a tilt reverse to that of the first optical element
with respect to an irradiation optical axis of the conver-
gent irradiation or the parallel irradiation and making
two luminous fluxes interfere with each other;

a plurality of second photo detectors each detecting the
luminous fluxes made to interfere by the second optical
element; and

an output difference detection unit detecting an output
value of a difference between a light receiving output of
one of the plurality of first photo detectors and a light
receiving output of one of the plurality of second photo
detectors.

15. The optical resolution improvement apparatus accord-
ing to claim 14, wherein the light irradiated from the light
source to the object under measurement is irradiated conver-
gently,

the apparatus comprises a lens located on the tilted optical
axis having a tilt with respect to an irradiation optical
axis of the convergent irradiation and converting a lumi-
nous flux emitted from the object under measurement
into a parallel luminous flux,

the first optical element makes a first luminous flux passing
through a portion of the lens close to the irradiation
optical axis of a luminous flux incident on the lens and a
second luminous flux passing through one half surface
of the lens which is far from the irradiation optical axis
interfere with each other, and

the second optical element is disposed in an opposite direc-
tion of the first optical element with respect to the tilted
optical axis, and makes the first luminous flux and the
second luminous flux interfere with each other.

16. The optical resolution improvement apparatus accord-
ing to claim 14, wherein the light irradiated from the light
source to the object under measurement is irradiated in par-
allel, and

the first and second optical elements each have:

a first lens located on the tilted optical axis and converging
a luminous flux emitted from the object under measure-
ment;

a second lens converting a first luminous flux of one half
surface of the first lens close to the irradiation optical
axis of a luminous flux emitted from the first lens into a
parallel luminous flux;

a third lens converting a second luminous flux of the other
half surface of the first lens far from the irradiation
optical axis into a parallel luminous flux; and

an optical element making luminous fluxes emitted from
the second lens and the third lens interfere with each
other.

17. The optical resolution improvement apparatus accord-

ing to claim 14, wherein the first and second optical elements
include:
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a first prism reversing the first luminous flux; and

a second prism shifting and overlapping a luminous flux

from the first prism and the second luminous flux.

18. The optical resolution improvement apparatus accord-
ing to claim 14, wherein the first and second optical elements
include:

a mirror reflecting the second luminous flux; and

a beam splitter combining the first luminous flux and the

luminous flux reflected by the mirror.

19. The optical resolution improvement apparatus accord-
ing to claim 14, wherein the first and second optical elements
are constituted of a convergent lens or a convergent lens and
a magnifying optical system.

20. The optical resolution improvement apparatus accord-
ing to claim 14, wherein the first and second optical elements
are constituted of a convergent lens and a grating disposed
near a focal point of the convergent lens.

#* #* #* #* #*
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